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    The demand for low-cost, large area, flexible and lightweight devices drives the 
development of electronic circuits and displays using organic and polymeric 
semiconducting materials.  The fabrication of organic electronics, such as complementary 
integrated circuits, bipolar transistors, or p/n junctions, requires both the materials 
capable of transporting holes (p-type semiconductor materials) and materials capable of 
transporting electrons (n-type semiconductor materials). However, development of n-type 
organic semiconductors has lagged far behind that of p-type organic semiconductor 
material. One reason is assigned to the low stability of most n-type organic 
semiconductors in air. Therefore, the search of n-type organic semiconductors material 
with high performance and environmental stability is currently a challenge and of great 
importance. This PHD thesis will deal with our attempts to prepare novel air-stable n-type 
semiconductor materials and can be classified as two efforts: 1) development of novel n-
type organic semiconductor materials based on the existed π systems, specifically from 
poly(p-phenylene vinylene)s (PPVs) and pentacene; 2) exploration of new extended π 
systems (high order acene).   
In chapter 1, the recent progress in air stable n-channel semiconductors and the 
chemistry of high order acenes was reviewed separately. In chapter 2, our efforts of 
constructing n-type organic semiconductor materials from PPV were detailed. Three PPV 
polymers with electron-withdrawing dicarboxylic imide moiety attached on each phenyl 
ring were synthesized by using Wittig-Horner reaction. These polymers were found to 
have good thermal stability, a high electron affinity (3.60 eV), and highly ordered packing 
in the solid state via - interactions. These polymers show promise for use in n-channel 
 
ix
field effect transistors (n-FETs) and polymer-based solar cells.  
In chapter 3, we demonstrated our strategy of converting pentacene, an air-unstable 
high-performance p-type semiconductor material, to air stable n-type semiconductor 
materials by introducing strong electron withdrawing substitutes. In this study, a meso-
brominated pentacene was firstly prepared which was an important intermediate for 
various palladium catalyzed coupling reactions, such as Suzuki, Stille, cynation, 
Hagihara-Sonogashira reactions. Therefore, a series of pentacene diimide derivatives 
have been prepared, and they show interesting optical and electronic properties. Among 
them, the dimethylaminophenylacetylene-substituted pentacene diimide showed 
extremely high photostability with half-life time of nearly one month. The cyano-
substituted pentacene diimide displayed a low-lying LUMO energy level of -4.19 eV 
which is promising candidate for n-channel FET material.  
    In chapters 4 and 5, the synthesis of stable heptacene and nonacene derivatives was 
attempted. Knowing that instability was the weakness of high order acenes such as 
heptacene and nonacene, the functionalization strategies to enhance the stability of high 
order acenes were explored in these chapters. We successfully synthesized a soluble and 
stable heptacene derivative by introducing electro-withdrawing trifluoromethylphenyl 
groups and triisopropylsilyl ethynyl units. It represents the most stable heptacene reported 
so far. In addition, we also got breakthrough for the preparation of stable nonacene 
derivatives. Our methodologies open the opportunity to make high performance materials 
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Chapter 1: Introduction 
1.1 Background and Motivation of This Thesis 
    A semiconductor is a material with electrical conductivity due to electron flow 
intermediate in magnitude between that of a conductor and an insulator. Most commercial 
semiconductors are based on inorganic silicon either in a crystalline form or as 
amorphous solid. Recently, there has been great interest in the development of electronic 
circuits and displays by using organic and polymeric semiconducting materials. This 
trend is driven by the demand for low-cost, large area, flexible and lightweight devices. 
In order to realize most of these organic devices, solution processable n-type organic 
materials with high charge carrier mobility and high air stability are required in organic 
complementary metal oxide semiconductor (CMOS) circuits. However, development of 
n-type organic semiconductors capable of electron transport has heretofore lagged far 
behind that of p-type organic semiconductor material, even though much progress has 
been made in developing p-type organic semiconductor material in the past two decades. 
One reason of this delay is assigned to the low stability of most n-type organic 
semiconductors in air. Therefore, the search of n-type organic semiconductors with high 
performance and environmental stability is currently of great importance and a challenge. 
The general design of constructing n-type organic semiconductors is to introduce 
electron-withdrawing substituents to the extended π systems. This Ph.D thesis will deal 
with our attempts to prepare novel air-stable n-type semiconductor materials, and can be 
classified as two efforts: 1) development of novel n-type organic semiconductor materials 
based on the existed extended π systems, specifically poly(p-phenylene vinylenes) (PPV) 
and pentacene; 2) exploration of new extended π systems (high order acene).   
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    In chapter 1, the recent progress in air stable n-channel semiconductors and the 
chemistry of high order acenes will be reviewed separately. Chapter 2 described our 
efforts of constructing n-type organic semiconductor materials from PPV. Chapter 3 
introduced pentacene-based n-type organic semiconductor materials. Chapters 4 and 5 
addressed our effort to explore new extended π systems (high order acene) for 
semiconductor materials.  
1.2 Recent Development in Air-Stable n-type Organic Semiconductor Materials 
1.2.1 Introduction 
    The development of high-mobility and environmentally stable electron-transporting (n-
type) organic semiconductors for thin film device is of great importance in the field of 
organic electronics. In recent years, understanding of charge transport and strategies for 
improved materials design in n-type semiconductor material have advanced gradually.1 
Those studies open opportunities of producing semiconductor devices under ambient 
condition so as to realize the dream of mass production of low-cost and flexible 
electronics. Currently, n-type organic semiconductor materials were prepared by either 
using strongly electron-deficient π-conjugated cores or by functionalizing conventional p-
type organic semiconductor materials with powerful electron-withdrawing groups. The 
ambient stability was achieved for some n-type semiconductor materials with: (a) low 
lying LUMO level (< - 4.0 ev); or (b) kinetic barrier resisting the penetration of trapping 
species into materials. 1a 
    LUMO level is crucial for the materials capable of transporting electrons at ambient 
condition. The ambient stability for electron transportation in n-type semiconductor 
materials could be realized by lowering down LUMO level, which makes degradation 
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thermodynamically unfavored. In 1997, De Leeuw addressed the issue of stability of n-
type organic semiconductor polymer in the ambient condition and reasoned that the n-
type semiconductor polymer under this condition was basically due to the redox reaction 
with wet oxygen.2 
 
In order to be stable toward oxygen and water, we need to make the chemical 
equation described above unfavored. Therefore, we need ∆G > 0. After solving the 
equation, we have Ep > Eo and then the electrode potential (Ep) of n-type organic 
semiconductor material should be higher than 0.57 eV (vs SCE). Since the electrode 
potential (Ep) of polymer corresponds to the reduction potential (E[onset, red].) in the 
electrochemical reaction, the lowest unoccupied molecular orbit (LUMO) of polymer 
could be calculated with electrode potential (Ep) by using the following equation: 
 
    Hence, to be stable in the wet air, the LUMO level should be lower than -4.97 eV if Ep 
should be higher than 0.57 eV. In fact, the materials with such low lying LUMO are rare, 
and a significant overpotential of about 0.5 to 1.0 eV usually exists which prevent oxygen 
and water reacting with materials according to De Leeuw’s model. Taking an 
overpotential of 0.5 or 1.0 V imply that the requirement for electrochemical stability of n-
type semiconductor materials under ambient conditions is an electrode potential more 
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positive than about 0.07 or - 0.43 V respectively. Accordingly, after taking the 
overpotential into account, the LUMO level could be lower than -4.47 eV or -3.97 eV in 
order to achieve ambient stability. Experimentally, through decreasing the LUMO level 
to about -3.97 eV by introduction of strong electron withdrawing groups such as CN and 
F, ambient stability can be achieved.  
    The other way to achieve ambient stability is to prevent the direct contact of trapping 
species with materials during operation by creating a kinetic barrier. This barrier could be 
a result of solid state pack of semiconductor materials as dense motifs proposed by Katz. 
Katz demonstrated a serials of air stable n-type semiconductor materials with the 
fluorinated chains as kinetic barrier as a result of dense packing. 3, 4, 5 This kind of dense 
packing was illustrated in Figure 1.1. In Figure 1.1, based on space filling models, the 
fluorinated chains are separated by channels 2 Å on a side, while hydrocarbon chains 
similarly disposed would leave 4 Å channels, which could well be more permeable to 
oxygen (diameter = 3.6 Å ) and water (diameter = 2.75 Å).4  
 
Figure 1.1 Space-filling models of PDI-based dimmers. Reprinted from Ref. [4] with 
permission. Copyright 2007 American Chemical Society. 
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Through introducing electron withdrawing groups or by creating a kinetic barrier, a 
series of air stable n-type semiconductor materials were prepared. In this part, we will 
review the developments of n-type organic semiconductor materials with ambient 
stability, including derivatives of: (a) naphthalene diimides (NDI), (b) perylene diimides 
(PDI), (c) acene and others. 
 
1.2.2 Naphthalene diimides 
    Naphthalene diimides can exhibit relatively high electron affinities, high electron 
mobilities, and excellent chemical, thermal, and photochemical stabilities. Those 
materials are electron deficient due to the fused electron-withdrawing imides.  
 
Scheme 1.1 Synthetic route for naphthalene diimides derivatives. 
 
    The synthetic routes to those materials are generally convenient. Naphthalene diimides 
without core substitution 4 can be synthesized directly from the commercially available 
dianhydride 1. Naphthalene diimides with core substitution can be synthesized from its 
brominated precursors 3 or 6. The synthesis of derivatives 3 and 6 was outlined in 
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Scheme 1.1. The commercially available dianhydride 1 is brominated with 
dibromocyanuric acid to give a mixture containing 2. The brominated compound 2 is 
directly carried on to the diimide formation with amines under acidic conditions. Isolation 
and purification of the resulting 2,6-dibromo-NDI 3 is unproblematic. Tetrasubstituted 
NDIs 6 are accessible via tetrabromo dianhydrides 5 prepared with an excess of 
brominating agent dibromocyanuric acid, followed by diimide formation and nucleophilic 
aromatic substitution.6 
Chart 1.1 provides some derivatives of naphthalene diimides, which are air-stable n-
type organic semiconductor materials. Table 1.1 gives a summary of n-channel organic 
field effect transistor (OFET) data for those materials. The highest mobility under 
ambient condition was found to be 0.85 cm2V–1s–1 for compound 12.7 
 
Chart 1.1 Chemical structures of some naphthalene diimides derivatives 
    The material 12 reported by Yan et al. is a donor–acceptor co-polymer. It consists of 
alternate units of an electron-rich bithiophene donor linked to an electron-deficient 
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naphthalenecarboxydiimide (NDI) acceptor (Chart 1.1). The NDI unit leads to the low-
lying LUMO level required to achieve ambient stability. This polymer reminds us a 
similar co-polymer reported by Facchetti and coworks, who used perylenecarboxydiimide 
(PDI) instead of NDI units. However, this PDI/bithiophene (µe = 10-3 cm2V–1s–1) is much 
less efficient than NDI/ bithiophene.8 In addition, the modification of bithiophene with 
alkoxyl substituents (-OR) resulted in the loss in ambient stability and decrease in 
mobility.9 In a highlight article, Sirringhaus commented that Yan and colleagues’ work 
illustrates how subtle variations in molecular structure can profoundly affect the 
electronic transportation properties of a material.10 Later investigation of the molecular 
packing and microstructure of this NDI/ bithiophene 12 by Rivnay and coworkers 
suggests an unconventional face-on texture and exceptional in-plane order for this 
polymer.11 Although this packing model was often considered counter-productive for 
high performance thin film transistors, a mechanism by which this packing may not be 
detrimental to in-plane electrical transport was proposed11.  
    Core substitution with electron-withdrawing CN groups gives ambient stability for 
compound 7 reported by Jones and coworkers, showing mobility as high as 0.11 cm2V-1s–
1.4, 12 The ambient stability for compounds 10, 11a and 11b is achieved by the 
introduction of fluorocarbon substituents at the N , N ′ positions and the mobility was 
0.22, 0.05 and 0.01 cm2V–1s–1 respectively.13a, 13b Both core substitution and fluorocarbon 
substituents at the N, N ′ positions were observed for the compounds 9a, 9b and 9c.13a, 14 
Mobility as high as 0.57 cm2V–1s–1 was measured on the material 9c possibly owning to 
the octadecyltrimethoxysilane (O-SAM) treatment of SiO2 surface and the presence of the 
long perfluorinated side chains. Gao and coworkers reported core-expand NDI 8 with 
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electron-withdrawing substituents is an air-stable n-type semiconductor material, showing 
mobility as high as 0.51 cm2V–1s–1.15 
Table 1.1 OFET device data for NDI derivatives under ambient conditiona  








Ion/Ioff Vth [V] Device fabrication condition Ref.
7 0.11 103 -55 VD, TC gold on Si/SiO2;  4,12
8 0.51 106-107 2-9 SP, TC silver on Si/SiO2-OTS  15 
9a 0.1 - - VD, TC gold on Si/SiO2 13a 
9b 0.13 106 21-24 VD, TC gold on Si/SiO2-ODMS 14 
9b 0.013 105 23-27 VD, TC gold on Si/SiO2; 14 
9c 0.57 107 13-48 VD, TC gold on Si/SiO2-ODMS 14 
9c 0.39 107 8-39 VD, TC gold on Si/SiO2 14 
10 0.22 105-106 8-14 VD, TC gold on Si/SiO2-OTS 13b 
11a 0.05 105 >20 VD, TC gold on Si/SiO2 13a 
11b 0.01 105 >20 VD, TC gold on Si/SiO2 13a 
12 0.85 105 5-10 SP,BC on Glass/ polyolefin-polyacrylate 7 
aVth, threshold voltage; TC, Top contact; OTS, octadecyltrichlorosilane; ODMS, 


















1.2.3 Perylene diimides. 
     N,N’-substituted PDIs are generally prepared by the reaction of perylene-3,4,9,10-
tetracarboxylic dianhydride (or analogues with dibromo or tetrachloro substitution of the 
“bay” positions) with anilines and aliphatic primary amines at high temperatures 
(Scheme 1.2). In many cases, isolated yields approach 95%, and the products are 
relatively easily purified. The dibromo or tetrachloro substitution of the “bay” positions 
for perylene-3,4,9,10-tetracarboxylic dianhydride can be achieved by using bromine or 
chlorine in the sulfuric acid (Scheme 1.2).16 
 
Scheme 1.2 Synthetic routes of perylene diimides. 
Many PDI derivatives have been synthesized by introducing electron withdrawing 
substituents at nitrogen positions of imides or at bay positions of perylene (See Chart 
1.2). They showed n-type FET behavior. Oh and his coworkers reported that compound 
13 adopted a slip-stacked face-to-face molecular packing allows a very dense parallel 
arrangement of the molecules, leading to field-effect mobility as high as 0.72 cm2 V−1 s−1. 
The mobility only slightly decreased to 0.51 cm2 V−1 s−1 after exposure to air and 
remained stable for more than 50 days.17 Ling and coworkers have demonstrated good n-
channel transistor performance and good air stability for compounds 14 and 16.  Electron 
mobilities on the order of 0.1 cm2V–1s–1 were obtained by using OTS-treated surfaces and 
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elevated substrate temperatures. The devices showed good air stability, even after storage 
in air for more than eighty days.18 Chen and coworkers found that TFTs with fluorinated 
perylene diimides showed much better performance in air than a chlorinated derivative. 
The mobility, ca. 0.042 cm2 V−1 s−1, was measured for the PDI 15 with diperfluorophenyl 
groups.19 Two core-cyanated PDI derivatives, PDI-CN2 17 and PDI-FCN2 19 were 
reported to exhibit the high and air-stable n-type OFET carrier mobilities as high as 0.1 
cm2 V−1 s−1 and 0.64 cm2V−1s−1, in combination with low threshold voltages and 
substantial processing versatility.20 Core-cyanated PDI derivative 18 was reported to 
exhibit mobility at the order of 0.12 cm2V−1s−1.4 
 
Chart 1.2 Chemical structures of some perylene diimides derivatives 
Table 1.2 OFET device data for PDI derivatives under ambient conditiona 








Ion/Ioff Vth [V] Device fabrication condition Ref. 
13 0.51 106 28~43 VD,TC gold on Si/SiO2-OTS 17 
14 0.11 105 29 VD,TC gold on Si/SiO2-OTS 18 
15 0.042 105 2-6 VD, TC gold on Si/SiO2-OTS 19 
16 0.10 106 -5 VD,TC gold on Si/SiO2-OTS 18 
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17 0.10 105 15 VD, TC 20(a-b) 
18 0.12 103 -21 VD, TC gold on Si/SiO2 4 
19 0.64 104 -20 ~ -30 VD, TC 20c 
aVth, threshold voltage; TC, Top contact; OTS, octadecyltrichlorosilane; ODMS, 
octadecyltrimethoxysilane; SP, Solution process; VD, Vacuum deposition ; BC, bottom 
contact. 
1.2.4 Acene and other materials  
In Chart 1.3, the chemical structures of some acene derivatives and other materials 
were given. Perfluoropentacene 20 was firstly synthesized by Sakamoto et. al. and 
showed ambient stability in p-n junctions and complementary circuits with pentacene, 
demonstrating a mobility as high as 0.11 cm2V–1s–1.21 Wang and coworkers reported 
anthracenedicarboximides ADI8-CN2 21 as air-stable n-channel semiconductors. 
Compound 21 based TFTs exhibit good electron mobility (íe up to 0.02 cm2V-1s-1), very 
high Ion/Ioff > 107 in ambient conditions as a consequence of balanced electron affinity. 
Films of compound 21 can be spin-casted  and the resulting device afforded mobility as 
0.001 cm2V-1 s-1.22 Usta and coworkers reported that thiophene-terminated 
indenofluorenedicyanovinylene 22 exhibited an electron mobility of 0.16 cm2V-1s-1 and 
an Ion/Ioff ratio of 107-108.23 New dicyanomethylene substituted quinoidal mixed oligomer 
23 was synthesized by Handa et. al. and OFET devices fabricated with a spin-coated thin 
film of 23 showed ambipolar carrier transport with electron and hole mobilities of 0.016 
and 0.007 cm2V-1s-1, respectively.24 Ladder polymer 24 was prepared by Babel and 
coworkers in 2003 and the thin film of BBL 24 solution processed from methanesulfonic 




Chart 1.3 Chemical structures of some acene derivatives and other materials. 
Table 1.3 OFET device data for acene and other materials under ambient conditiona 








Ion/Ioff Vth [V] Device fabrication condition Ref. 
20 0.11 105 - VD,TC gold on Si/SiO2-OTS 21 
21 0.001 105 0 SP 22 
21 0.02 107 15 VD, TC gold on Si/SiO2 22 
22 0.16 107-108 0-5 SP, TC gold on Si/SiO2-OTS 23 
23 0.016 103 - SP, TC gold on Si/SiO2-OTS 24 
24 0.03 103 - SP, BC gold on Si/SiO2-OTS 25 
aVth, threshold voltage; TC, Top contact; OTS, octadecyltrichlorosilane; ODMS, 
octadecyltrimethoxysilane; SP, Solution process; VD, Vacuum deposition ; BC, bottom 
contact. 
 
1.3 Progress of Recent Acene Chemistry 
1.3.1 Introduction 
    Acene (Chart 1.4), linear fused aromatic hydrocarbons, have been the subject of 
extensive research since Erich Clar first introduced the word acene in 1939.26 In fact, the 
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history of acene chemistry can be dated further back to 1825, 27 when Faraday discovered 
in the fractional distillation of coal extracts benzene (n = 1), the smallest member in 
acene family. High analogues of this family, naphthalene (n = 2) and anthracene (n = 3), 
were also later isolated from coal-tar and petroleum distillates.28 However, acene higher 
than anthracene can only be obtained from muti-step synthesis. Moreover, with the length 
of the acene increasing, the stability of acene decreases. 
 
Chart 1.4 Acene 
    This unstable nature of higher acene can be explained by Clar’s sextet rule 
qualitatively.29 In case of any acene, whether it’s benzene or pentacene (n = 5) or 
heptacene (n = 7) or one of the larger analogs, only one π-electron sextet could be drawn 
(Chart 1.5). Thus, for the higher acenes one sextet is shared over a larger number of 
rings and the longer acenes become increasingly less stable. This trend in stability leads 
to the challenge in the synthesis of longer acenes. Hence, the study of acene focused 
largely on the easily accessible and relative stable species: anthracene, tetracene and 
pentacene. Among them, pentacene is heavily studied and currently considered to be a 
benchmark molecule in organic electronics, especially in organic field effect transistors.30 
 
 
Chart 1.5 Sextet rule 
    While the synthetic approach to acene longer than pentacene is rare, the calculation of 
these longer acene shows interesting electronic properties.31 An open-shell diradical 
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singlet state maybe come to account for the electronic structure of acene from heptacene 
to higher one. When the calculation extended the acene of finite length to the acene of 
infinite length, a new class of one-dimensional conductor with the potential for 
ferromagnetism and superconduction was expected.32   
    Currently, acene is among one of the most widely studied families of organic 
compound and significant progress has been made in our understanding of both in their 
chemistry and physics. A variety of synthetic strategies have been applied to prepare 
compounds of this family. Many inspiring molecules of this type have been discovered 
and more are waiting to be explored. Chemistry of acene has been reviewed in, Clar’s 
‘Polycyclic Hydrocarbons’29 and Harvey’s ‘Polycyclic aromatic hydrocarbons’33. Wudl et 
al. 31a Anthony28, 34a and Chi34b also write good reviews recently on the acene and their 
application on the organic electronics. In the following part, some typical acene 
intermediates and acene materials will be introduced. Their synthesis and structure-
physical properties relationship will help us to design and synthesize stable longer acene 
materials in chapters 3-5 which are supposed to show good FET performance. 
1.3.2 Pentacene 
Pentacene 25 (See Scheme 1.3), a benchmark molecule among organic semiconductor 
materials, is a deep blue crystalline aromatic hydrocarbon consisting of five linear fused 
benzene rings. It exhibits an intense red fluorescence at 585 nm.28 Its oxidation potential 
is about 220 mV and longest wavelength absorption maxim is at 578 nm.35a,35b It 
crystallizes in a triclinic P1 space group with two molecules per unit cell and adopts 
herringbone arrangements in the crystal. 28 It shows a high FET mobility of about 35 
cm2V-1S-1 in single crystal form35c. It is only sparingly soluble in organic solvent and its 
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solution can be easily oxidized by oxygen in the air owning to its low oxidation potential. 
This solution can even decompose in the absence of oxygen to yield a “butterfly dimmer” 








252826 27  
Scheme 1.3 General approach to pentacene 
 
Chart 1.6 Pentacene dimer 
    An early method for preparation of pentacene was by the Elbs reaction.36,37 Currently, 
pentacene 25 is synthetically accessible in two steps from base-catalyzed four-fold Aldol 
condensations of o-phthalaldehyde 26 with cyclohexane-1,4-dione 27 followed by 
reduction of the intermediate 6,13-pentacenedione 28 with Meerwein-Pondorff reagent 
(Scheme 1.3). 
    Pentacene can be also generated from a retro Diels-Alder reaction route.38 In this 
method, pentacene precursors are required to be prepared in advance. These precursors, 
in Chart 1.7, can undergo elimination of small, volatile molecules in the solid state by 
heating or photochemistry. Mullen’s group firstly reported precursor 29 to fabricate high 
quality pentacene film for organic field effect transistor.38a-b Heating cyclohexadiene-
bridged precursor 29’s film at 200 oC led to the high quality pentacene film with good 
hole transportation mobility. N-sulfinylamide bridged precursors 30a-c were later 
developed by Afzali’s group.38c-e These precursors 30a-c were synthesized by Diels-Alder 
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reaction between pentacene and corresponding N-sulfinylamide molecules. According to 
Afzali et al., pentacene could be regenerated 1) from compound 30a by UV irradiation 
first and then heating; 2) from compound 30b by photoacid-generating method or simply 
by heating; 3) from 30c by heating. Compound 31 was prepared by Hiroko et al. in the 
belief that the quality of pentacene film could be improved when the leaving group 
became smaller.38f  
 
Chart 1.7 Synthetic precursors 
1.3.3 Alkyl Pentacenes 
    Alkyl-substituted pentacenes were summarized in Chart 1.8. This alkyl substitution 
tends to lower the oxidation potential of the aromatic system, leading to the decrease in 
the environmental stability.28  
 
.  
Chart 1.8 Alkyl pentacenes 
    Meng et al. synthesized 2,3,9,10-tetramethylpentacene 32.39 successfully using 
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procedures similar for the synthesis of pentacene described in the Scheme 1.3. This study 
showed that 2,3,9,10-tetramethylpentacene 32 still can crystallize in a typical acene 
herringbone  arrangement even after introducing steric methyl substituent. The mobility 
value of compound 32 was observed to depend on the substrate deposition temperature. 
The highest hole mobility of 0.3 cm2V-1S-1 was achieved with a bottom contact mode 
device using a deposition temperature at 85 oC. Chan et al. synthesized 2,3,9,10-
tetrakis(trimethylsilyl)pentacene 33, providing insights into the sensitivity of acenes 
towards light and oxygen.40  It is noteworthy that compound 33 is a highly air- and light-
sensitive molecule, so that its isolation and purification must be carried out with a 
stringent exclusion of air and light using standard Schlenk techniques. No FET mobility 
is reported for this compound. 
1.3.4 Aryl Pentacene 
    In aryl pentacene derivatives (See Chart 1.9), the pendant aryl groups rotate out of the 
idealized acene ring plane. The two planes are nearly perpendicular. Therefore, those aryl 
pentacenes were called cruciform pentacenes in some literatures.41 Compounds 34a and 
34b can be synthesized from 5, 14-diarylsubstituted-6-13-pentacenequinone (or 6, 13-
diaryl- substituted-5-14-pentacenequinone). In this synthesis, pentacenequinone reacted 
with proper Grignard reagent and then was reduced in acid condition to give 34a and 
34b.42 Similarly, compounds  35a-b were prepared from pentacene-5,7,12,14-tetraone 41, 
43 and compound 36a-c were prepared from pentacene-6,13-dione 2841, 43, 44. Compound 




Chart 1.9 Aryl pentacene 
    The packing for the phenyl-substituted derivatives (34 - 36) is generally dictated by 
close contacts between the C-H’s of the pendant aromatic rings and the carbons at the 
fusions in the acene backbone.41 Using thiophene substituents instead of phenyls in 
compound 36c creates cofacially stacked acenes. In thin films, the thiophene-substituted 
derivative 36c forms devices with good electrical properties: relatively high mobility (~ 
0.1 cm2V-1S-1), high ON/OFF ratios (~104), and low threshold voltage (~ 0 V) for device 
activation.41 
1.3.5 Ethynyl Pentacenes  
 
Scheme 1.4 Synthesis ethynyl pentacenes 37(a-g) 
    Ethynyl-funcaitonalized pentacenes gained attention since Anthony’s early study on 
TIPS pentacene 37b.45 TIPS pentacene 37b has many advantages related to its parent 
compound pentacene. Firstly, the alkyl ethynyl substituents can improve the solubility of 
acenes, and further simplify purification and processing. Secondly, the ethynyl 
substituents induce some capability for self-assembly of the aromatic moieties into face 
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to face stacking arrays by disturbing edge to face interaction. Thirdly, the most reactive 
sites were blocked by electron deficient moiety, thus leading to the improvement in 
environmental stability. 43,46e,46f As same as TIPS pentacene, other ethynyl funcaitonalized 
pentacenes 37a and 37c-g can be easily prepared by addition of ethynyllithium (or 
ethynyl Grignard reagent) to 6,13-pentacenequinone 28 and then treatment of resulting 
diol with tin(II) chloride in the acid condition (Scheme 1.4).46a-e  
    The crystalline state of ethynyl pentacenes can be controlled by consideration of size, 
shape and aromatic interactions (both edge-to-face and face-to-face).45,46b The 
herringbone packing motif of unsubstituted pentacene represents a simple combination of 
edge-to-face and face-to-face interactions. Anthony attempted to disrupt edge-to-face 
interactions by substitution at one or more of the peri positions of the acene with a 
relatively ethynyl bulky group. While the size of the alkyne substituent does indeed 
influence the amount of π - π overlap along the pentacene long axis, unpredictable 
slipping along the pentacene short axis precludes the development of a general formula 
relating substituent size to total π-overlap. As one example, the solid state stacking of 
TIPS-pentacene was shown in Figure 1.2. 
 
Figure 1.2 TIPS pentacenes and its solid state ordering. Reprinted from Ref. [45] with 
permission. Copyright 2001 American Chemical Society. 
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When the size of the substituent matches roughly half the width of the acene (TIPS-
pentacene), a two-dimensional brickwork arrangement is favored (Figure 1.2). By using 
TIPS-pentacene 37b, hole mobilities as high as 0.4 cm2V-1S-1 were reported for films 
formed by vacuum deposition47, whereas solution deposition (whereby the material is 
able to form highly crystalline flims) yielded devices showed hole mobility as high as 1.5 
cm2V-1S-1 (Ion/off= 107 and Vth=3 V)48. The two dimensional stacking arrangement may be 
responsible for the high mobility achieved from the FET devices. 
 
1.3.6 Electron-deficient Pentacene 
 
Chart 1.10 Electron-deficient pentacene 
    Electron-deficient pentacenes were summarized in the Chart 1.10. Compounds 38, 39 
and 40 were synthesized from corresponding pentacene quinones. Those pentacene 
quinones were treated with lithium reagent (or Grignard reagent) and then reduced by 
Sn(II)Cl2, or directly reduced by Meerwein-Pondorff reagent, to give 38, 39 and 40a-
d.49,50 The required pentacene quinones 41 were generally produced by using Cava’s 
condition to generat diene from compound 42 and then trapping it in situ by 1,4-
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benoquinone (Scheme1.5).   
 
Scheme 1.5 Synthetic route to electron-deficient pentacene 
    These electron-deficient compounds 38-39 show better oxidative stability and lower 
HOMO–LUMO gaps.49 It is worthy to note 40d that exhibited a mobility as high as 0.22 
cm2V–1 s–1 and an on/off ratio greater than 105. Most remarkably, these devices using 
electron-deficient pentacene 40d showed good stability, even with exposure to air and 
ambient light for more than three months, whereas pentacene devices measured under the 
same conditions quickly degraded 49a. Perfluoropentacene 20 was purified by sublimation 
and used for characterization and FET measurement. It was a dark blue crystalline solid 
and slightly soluble in hot 1,2-dichlorobenzene. As shown in Figure 1.3a and 1.3b, 
pentacene and perfluoropentacene adopted herringbone structures with the angles of 51.9 
and 91.2°, respectively. Be different with pentacene, perfluoropentacene 20 showed the 
electron transportation mobility as high as 0.11 cm2V-1S-1.21 
 
Figure 1.3 Molecular packing diagrams of (a) pentacene and (b) perfluoropentacene. 




1.3.7 Longer acene  
Clar and Marschalk synthesized hexacene independently in 1939.51 Both synthetic 
approaches took advantage of metal catalyzed dehydrogenation step from the same 
precursor 43, as can be seen in Scheme 1.6. Neckers52 recently revisited the question of 
the stability of hexacene 44. He used a different strategy and succeeded in synthesizing 
44 by the Strating-Zwanenberg method, employing the photodecarbonylation of 6,15-
dihydro-6,15-ethano- -hexacene-17,18-dione 45. A solution of crude product 44 showed 
an absorption in the visible region with the maximum at 684 nm. 
 
 
Scheme 1.6 Synthesis of hexacene 
Heptacene 46 is the next member of hexacene. Heptacene 46 was firstly reported in 
1942 by Clar53. Marschalk later repeated Clar's experiment in 194354. Bailey et al. also 
reported the synthesis of heptacene55. All those report was later shown to be incorrect. 
Recently, Necker56 demonstrated that heptacene can be generated and stabilized in a 
polymer matrix. The strategy is the same as stated in the Scheme 1.7.  In his study, the 
longest absorption peak of situ generated heptacene is at 825 nm, which is in closed to 
theoretical calculation.  
 
































Chart 1.11 Funcational hexacene, heptacene and nonacene 
    Anthony and coworkers firstly reported the synthesis and characterization of 
silylethynyl derivatives of hexacene 47 and heptacene 48 in 2005.57 Later, Wudl and 
coworkers reported a further functionalized silylethynyl heptacene derivative 49 with 
additional phenyl rings at 5, 9, 14 and 18 positions.58 In addition to using silylethynyl 
groups, Miller and coworkers demonstrated that thioaryl substituents can enhance photo-
oxidative resistance.59a After a successful synthesis of thioaryl derivatives of heptacene (n 
= 7) 50, Miller and his coworker calimed first synthesis of thioaryl funcationalized 
nonacene 51, whose lifetime was about 2 hours in solution when exposing to air.59b 
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1.4 Highlights of contribution discussed in this thesis. 
    While much progress has been made in developing p-type organic semiconductor 
material in the past two decades, development of n-type organic semiconductors capable 
of electron transport has heretofore lagged far behind that of p-type organic 
semiconductor material. In chapter 2, a novel electron-deficient poly(p-phenylene 
vinylene) (PPV) was synthesized by using dicarboxylic imide moieties as the electron-
withdrawing groups. They were found to have good thermal stability, high electron 
affinity (3.60 eV), and significant ordering in the solid state via - interactions. These 
polymers show promise for use in n-channel FETs and all-polymer-based solar cells. 
    In chapter 3, we dedicated to prepare pentacene-based semiconductor materials. An 
ideal pentacene building block for further functionalizations is brominated pentacene 
with the Br- groups at specific sites, e.g., the meso- 6,13-positions. Funcationalization at 
6,13 positions can prevent the oxidation of pentacene. However, synthesis of well-defined 
brominated pentacenes is challenging and direct bromination by using bromine or N-
bromosuccinimide (NBS) is not feasible due to the high reactivity and poor solubility of 
pentacene. As discussed in chapter 3, we prepared 6,13-dibromopentacene 
bis(dicarboximide) for the first time by using in situ generated benzo-[1,2-c:4,5-c’] 
difuran as a key intermediate. This dibromo-pentacenediimide can undergo various 
palladium catalyzed coupling reactions. Therefore many pentacene diimide derivatives 
were prepared with tunable optical and electronic properties. Some of them are promising 
materials for n-channel OFETs.  
    Oligoacenes such as pentacene and rubrene are benchmark semiconductor materials 
with excellent thin film and single crystal hole mobility. High order acenes (longer acenes) 
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with their predicted lower reorganization energy, potential higher charge carrier mobility, 
and small band gap, are more interesting synthetic targets for the future semiconductor 
materials. In chapters 4 and 5, the synthesis of stable heptacene and nonacene derivatives 
was attempted. Knowing that instability was the weakness of longer acene, the 
functionalization strategies to enhance the stability of longer acenes were explored in 
these chapters and we successfully synthesized a soluble and stable heptacene derivative 
by introducing electron-withdrawing trifluoromethylphenyl groups and triisopropylsilyl 
ethynyl units. It represents the most stable heptacene reported so far. In addition we also 
got breakthrough for the preparation of stable nonacene derivatives. Making high 
performance materials based on these molecules is undergoing in our lab. 
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Chapter 2: Dicarboxylic Imide-substituted Poly(p-phenylene 
vinylene)s With High Electron Affinity 
2.1 Introduction 
    In recent years, various organic π-conjugated systems with either electron-rich (p-type) 
or electron-deficient character (n-type) and with large intermolecular π-overlap have been 
synthesized and applied in organic electronic devices such as light emitting diodes1-5, 
solar cells6-11and field-effect transistors12-16. While impressive progress was made in 
developing p-type organic semiconductors in the past two decades, the pursuit of n-type 
semiconductors, capable of electron transportation, still lagged far behind that of p-type 
conjugated systems17-19. To allow for efficient electron injection from common metal 
electrodes, a critical threshold electron affinity of 3.0 eV is required for n-type 
semiconducting materials20. Nowadays, a lot of efforts have been devoted to the design 
and syntheses of n-type semiconducting materials with high electron mobilities, good 
environmental stability and good processability21-34. The general design is to synthesize 
π-conjugated oligomers or polymers with electron-withdrawing substituents to increase 
their electron affinity (EA), whereas the molecules should be able to maintain ordered π-
stacking and have suitable solubility. High performance n-channel FET devices have 
been fabricated by using these n-type semiconductors mainly based on low molecular 
weight oligomers and polycyclic aromatics which can be deposited by vacuum 
sublimation onto substrate to form uniform films. However, for practical applications, it 
is highly desirable to use simple solution processing technique to fabricate devices in 
large area and thus soluble polymers are the best candidates. However, there are a very 
limited number of n-type polymers reported in literatures25, 35-38. 
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    Poly(p-phenylene vinylene) (PPV) derivatives have exhibited interesting electronic and 
photophysical properties and excellent chemical stability needed for electronic 
applications39-48. Most PPV-based polymers are p-type semiconductors and some of them 
have been used in the p-channel field effect transistors.49-52 On the other hand, poly(p-
phenylene cyanovinylene) (CN-PPV) derivatives46-48, with electron withdrawing cyano- 
group (-CN) attached to vinylene unit, are known n-type semiconductors. The electron 
affinity of CN-PPVs increased significantly due to the introduction of electron 
withdrawing CN groups. However, undesirable conformational changes arose from steric 
hindrance between the CN and phenyl rings led to non-planarity of the main chain 
conformation, and thus also disturbed the electron transportation40-41. Another kind of n-
type PPVs were recently reported by the Swager’s group, who introduced trifluoromethyl 
groups (-CF3) to the PPV backbone39. However, CF3-PPVs usually showed poor 
solubility in common organic solvents. 
    In this article, we report a new approach to prepare stable n-type PPVs with tunable 
solubility and ordered π-π stacking by introducing electron withdrawing dicarboxylic 
imide (DI) groups onto the phenyl rings in each repeat unit. A series of DI-substituted 
PPVs with different alkyl chains substituents (DI-PPV-C8, DI-PPV-C10, and DI-PPV-
C24, Scheme 2.1) were prepared and their optical properties, electrochemical properties 
and self-assembly were studied by different techniques. The electron-withdrawing DI 
units are expected to significantly increase the electron affinity of the PPV polymers 
while remain the rigid and planar conformation of the main chains. Furthermore, 
solubilizing aliphatic chains can be easily introduced through the DI units and polymers 




2.2 Results and Discussion 
2.2.1 Synthesis and structural characterizations 
As shown in Scheme 2.1, the DI-substituted PPV polymers were prepared by Wittig-
Horner reactions between the phthalimide dicarbaldehyde 6a-c and phthalimide 
methylene diethylphosphite 8a-c and both intermediates were synthesized from the key 
compounds 5a-c. The syntheses began with the Diels-Alder reaction between the tert-
butyldimethylsilyl (TBDMS) protected (2E, 4E)-2,4-hexadiene-1,6-diol  153 and N-R 
maleimides (R = n-C8H17 and C10H21) in refluxing p-xylene gave the respective adduct 
product 2a and 2b in high yields. However, the introduction of long dove-tailed aliphatic 
chain C24H49 was limited by difficult synthesis of the respective maleimide. Alternatively, 
compound 3 was firstly synthesized by a similar Diels-Alder reaction between 1 and 
maleic anhydride and the dove-tailed alkyl chain was then attached to anhydride by 
reaction of the amine C24H49NH254 with 3 to afford compound 2c in 50% yield. 
Compounds 2a-c were subsequently aromatized by heating with melted sulfur to give the 
respective phthalimides 4a-c. The diols 5a-c were then readily obtained by removal of the 
TBDMS protective groups with tetrabutyl ammonium fluoride (TBAF) in THF at room 
temperature. Oxidation of the hydroxyl groups in 5a-c with pyridinium chlorochromate 
(PCC) provided phthalimide dicarbaldehyde 6a-c in moderate yields. The second batch of 
compounds 5a-c were converted into the respective bromides 7a-c by reaction with PBr3 
and subsequent treatment of 7a-c with refluxing P(OEt)3 gave the compounds 8a-c in 
nearly quantitative yields. The DI-PPVs were finally prepared by Wittig–Horner 
reactions between the respective 6a-c and 8a-c in dry THF by using potassium tert-
butoxide as base. At the later stage of the polymerization, a small amount of 4-methoxy 
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benzaldehyde was added to trap the terminal diethylphosphite groups. The reaction 
mixture was quenched by adding methanol, and the resulting precipitate was collected 
and repetitively washed with methanol. The obtained polymers were further purified by 
re-precipitation from concentrated chloroform solution to methanol to give orange 
polymers DI-PPV-C8, DI-PPV-C10, and DI-PPV-C24 with different alkyl chain 
substituents.   
 
Scheme 2.1 Synthetic route of the dicarboxylic imide substituted PPVs. Reagents and 
conditions: (a) N-R maleimides (R = C8H17 and C10H21), p-xylene, reflux; (b) maleic 
anhydride, p-xylene, reflux; (c) dove-tailed amine (C24H49NH2), toluene, reflux; (d) sulfur, 
190-220°C; (e) TBAF, THF, RT; (f) PCC, dichloromethane, RT; (g) PBr3, ether, 0 °C to 
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RT; (h) P(OEt)3, reflux; (i) potassium tert-butoxide, THF, RT.  
 The synthesis of these DI-substituted PPVs is challenging mainly because of the 
difficulty to prepare functional phthalimide intermediates such as 6a-c and 7a-c.  In this 
work, this problem was resolved by successful synthesis of the diol compound 5a-c.  
Selective functionalization of phthalimide is usually difficult and herein our strategy is to 
use effective Diels-Alder reaction between diene and maleimides followed by oxidative 
dehydrogenation. The dehydrogenation by melted sulfur is crucial as we found that other 
dehydrogenation methods by using 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) or p-
chloranil were not successful for this conversion. Careful control on temperature and 
reaction time is necessary to achieve moderate yields. The polymerization was done by 
using Wittig-Horner reaction because this condition usually provides PPVs with trans- 
vinyl units (-C=C-) in the polymer backbone.55 In fact, the lack of obvious olefinic 
resonance between 6 and 7 ppm in the proton NMR spectra of all polymers supported this 
assumption. 
    The polymers DI-PPV-C8 and DI-PPV-C10 are partially soluble in common organic 
solvents such as THF, CH2Cl2 and CHCl3 at room temperature due to the attachment of 
relative shorter and less branched alkyl chains. The DI-PPV-C24 polymer has very good 
solubility in these solvents and its molecular weight is Mw = 20448 g/mol (Mn = 10997 
g/mol) with a polydispersity index of 2.04 as determined by gel permeation 
chromatography (GPC) using polystyrene as standard. Due to the limited solubility in 
room temperature, the soluble part of the polymers DI-PPV-C8 and DI-PPV-C10 only 
gave low molecular weight values which do not reflect the real molecular weight of the 
polymers. These polymers however can be fully dissolved at elevated temperature, thus 
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the solution processing is still applicable for these materials. In addition, 1H NMR spectra 
of these polymers were collected after a long time scanning (several hours) in CDCl3 at 
elevated temperatures (55 oC) due to their strong aggregation tendency in solution. The 
NMR spectra of DI-PPV-C24 are presented in the Figure 2.1. Even at high temperature, 
broad and overlapped peaks are usually observed for the aromatic protons and the 
vinylene units. The NMR spectra of DI-PPV-C8 and DI-PPV-C10 are similar with that 




Figure 2.1 1H NMR spectrum of DI-PPV-C24 in CDCl3 (55oC) 
2.2.2 Photophysical properties 
    The photophysical properties of all polymers were investigated both in the solutions 
and in thin films. They actually showed very similar spectra for all three polymers, that 
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means, the different alkyl chain substituents do not have effect on their photophysical 
properties. As one representative example, the UV-vis absorption and photoluminescence 
(PL) spectra of DI-PPV-C24 in CHCl3 solution and in the film are shown in Figure 2.2.  
 
Figure 2.2 Normalized UV-vis absorption and fluorescence spectra of DI-PPV-C24 in 
chloroform (1  10-5 M for absorption and 5  10-6 M for PL) and in thin film. 
    UV-vis absorption spectrum in solution showed an absorption maximum at 447 nm 
with a shoulder at 500 nm and the fluorescence spectrum displayed a broad spectrum 
with maximum at 530 nm. In the solid state, the UV-vis absorption spectrum was nearly 
identical to that recorded in CHCl3 solution except for a slight red-shit of the lower 
energy absorption tail. However, the fluorescence spectrum in thin film exhibited an 
obvious bathochromic shift with a broad emission band at long wavelength centered at 
610 nm. This suggests that significant aggregation and excimer exist due to the 
intermolecular π-π stacking between the rigid PPV backbones, similar to the previous 
reports for other PPVs.56-59 We did not observe the significant difference in the UV-vis 
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absorption and PL spectra between the three polymers on the films, indicating that the 
different alkyl chain substituents do not have significant effect on their fluorescence 
spectra in solid state. In addition, a stokes shift of 0.74 eV was measured for the polymer 
DI-PPV-C24 in thin film, which is smaller than that for the CN-PPVs (1.1 eV)46-48. This 
also indicates a small difference in the conformation change of the polymer between the 
ground state and the excited state for our dicarboxylic imide-substitued PPVs. 60 
 
2.2.3 Electrochemical properties 
    Cyclic voltammetry (CV) was employed to determine the energy level of the lowest 
unoccupied molecular orbital (LUMO) for DI-PPV-C24. The redox potentials were 
internally calibrated by adding ferrocene (Fc) during the measurements and AgCl/Ag was 
used as a reference electrode. As shown in Figure 2.3, the DI-PPV-C24 displayed one 
quasi-reversible reduction waves with the reduction onset at -0.80 V vs AgCl/Ag. In our 
cases, the half-wave potential of ferrocene in the 0.1 TBAPF6 in dry DCM is 0.40 V 
respective to AgCl/Ag reference. LUMO energy level relative to the vacuum level was 
calculated to be -3.60 eV according to equation LUMO = -(4.8 + Eredonset) eV in which the  
Eredonset is -1.20 eV of the onset potential of the first reduction wave vs EFc+/Fc.61-63 On the 
other hand, the polymer did not show any significant oxidation waves up to 1.8 V. From 
the UV-vis absorption spectra, the LUMO-HOMO (the highest occupied molecular 
orbital) energy gap Egap of 2.36 eV can be extracted from the onset of low energy 
absorption edge. Therefore, the HOMO energy level of -5.96 eV was obtained. The 
polymers DI-PPV-C8 and DI-PPV-C10 also showed similar redox curves and energy 
levels. All these suggest that the attachment of electron withdrawing dicarboxylic imide 
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groups onto PPV backbone largely increased their electron affinity (i.e., decreased 
LUMO energy level), in comparison with that of MEH-PPV (LUMO = -2.90 eV and 
HOMO = -5.07 eV)64, which does not contain any electron withdrawing group. The 
decreased HOMO energy level -5.96 eV also suggests that the DI-PPVs have a high 
stability. This magnitude of electron affinity indicates that these polymers could be 
potential candidates as n-type solution processible semiconductors in n-channel FETs and 
as acceptors for all polymer-based solar cells.  
 
Figure 2.3 Cyclic voltammogram of DI-PPV-C24 recorded in dry dichloromethane with 
0.1 M TBAPF6 as supporting electrolyte, a gold disc as working electrode, a Pt wire as 
counter electrode, AgCl/Ag as reference electrode and scan rate at 100 mV/s. 
2.2.4 Thermal behavior and supramolecular packing  
    The polymers are stable until 350 oC based on thermogravimetric analysis (TGA). No 
phase transition was observed from room temperature to 300 oC in differential scanning 
calorimetry (DSC) curves for the three polymers. Powder X-ray diffraction (XRD) 
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technique was used to investigate their supramolecular packing, and the results are shown 
in Figure 2.4 and summarized in Table 2.1. The first sharp reflection peaks shown in 
Figure 2.4 are d1 = 18.4, 21.3, 27.4 Å for DI-PPV-C8, DI-PPV-C10 and DI-PPV-C24, 
respectively. This value is related to the distance of polymer backbones between adjacent 
layers (see Figure 2.5).65 The distance becomes larger with the increased alkyl chain 
length and branching. The reflection peaks at d2 = 6.71 Å for all three polymers 
correspond to the length of repeat unit of the polymers. The reflection at d3 = 4.77 Å is a 
halo which is typically assigned to the van der Waals distance between the aliphatic alkyl 
chains.66,67 The reflection peaks at d4 = 3.44 Å for DI-PPV-C8 and DI-PPV-C10 are 
correlated to the - stacking between the adjacent polymer backbones in the co-facial 
arrangement in the same layer (see Figure 2.5).68 However, this peak was not observed 
for DI-PPV-C24, probably because the - stacking becomes weaker when the side 
chain is too bulky.65, 69-70 Nevertheless, we still observed the strong intermolecular 
interaction from its PL spectra by comparing with that of solution. This semi-crystalline 
packing mode is also similar to the normal aliphatic chain substituted PPVs71, indicating 
that the DI-substitution did not disrupt the PPV backbone interchain interactions.  
Table 2.1 Summary of d-values correlated to the reflection peaks in the x-ray diffraction 







d1 18.4 21.3 27.4 
d2 6.71 6.71 6.71 
d3 4.77 4.77 4.77 
Sequence of 
reflections 




Figure 2.4 Powder X-ray diffraction patterns of polymers at room temperature.  
 
Figure 2.5 Schematic supramolecular packing structure of these polymers. The backbone 
and alkyl chains are shown with blue and grey, respectively. Figure 4 should not be used 
to imply the exact length of backbone and alkyl chains. 
 
2.3 Experiments 
2.3.1 General Methods 
    All NMR spectra were recorded on Bruker AMX500 at 500 MHz and Bruker ACF300 
at 300 MHz spectrometers. EI-MS was recorded on Finnigan TSQ 7000 triple stage 
quadrupole mass spectrometer. ESI-MS was recorded on Finnigan LCQ quadrupole ion 
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trap MS with MSn capabilities. UV-vis absorption and fluorescence spectra were 
recorded on Shimadzu UV-1700 spectrometer and RF-5301 fluorometer, respectively. 
Cyclic voltammetry was performed on a CHI 620C electrochemical analyzer with a 
three-electrode cell in a solution of 0.1M tetrabutylammonium hexafluorophosphate 
(Bu4NPF6) dissolved in dry DCM at a scan rate of 100 mV s-1. A gold disk, a Pt wire and 
an Ag/AgCl electrode were used as the working electrode, counter electrode and 
reference electrode, respectively. The potential was calibrated against the 
ferrocene/ferrocenium couple. Room temperature XRD measurements were performed on 
a Bruker-AXS D8 DISCOVER with GADDS Powder X-ray diffractometer with CuKα 
radiation. Gel permeation chromatography (GPC) was performed on Waters Model 515 
HPLC pumps with model 2414 refractive index detector and Phenol gel GPC columns. 
 
2.3.2 Materials 
    All the commercial available reagents were used as received if without further notice. 
Compounds 1,6-bis(tert-butyldimethylsilyloxy)-(2E,4E)-hexadiene 153, N-
octylmaleimide and N-3,7-dimethyloctylmaleimide34 and 1-amino-2-decyltetradecan54 
was prepared according to the known procedures. 
 
2.3.3 Synthesis 
The synthesis and structures of the monomers and polymers are outlined in Scheme 
2.1. All organic syntheses were carried out under an inert nitrogen atmosphere using 
standard Schlenk technique. Anhydrous tetrahydrofuran and diethyl ether was distilled 






To a solution of diene 1 (15.00 g, 43.80 mol) in p-xylene (100 ml) was added N-octyl 
maleimide (9.20 g, 43.80 mmol) under nitrogen. The mixture was refluxed overnight and 
monitored by thin layer chromatography. The mixture was cooled and p-xylene was 
removed under vacuum. The crude product was purified by column chromatography 
(silica gel, hexane/DCM = 2/1 as eluent, Rf = 0.8) to give compound 2a (21.80 g, 90%).  
1H NMR (300 MHz, CDCl3, ppm): 5.78 (s, 2H), 4.21 (m, 2H), 3.90 (t, 2H, J = 10 Hz), 
3.36 (t, 2H, J = 7.2 Hz), 3.20 ~ 3.22 (m, 2H), 2.46 (br, 2H), 1.43 (m, 2H), 1.22 (s, 10H), 
0.91 (m, 21H), 0.10 (s, 12H); 13C NMR (75 MHz, CDCl3, ppm): 178.14, 131.13, 63.71, 
42.25, 40.51, 39.20, 32.39. 29.83, 29.71, 28.34, 27.36, 26.57, 23.27, 19.00, 14.73, -4.95; 
EI - MS: m / z = 494.4 (M+-(CH3)3CH). for C30H57NO4Si2 (551.4): Calcd. C 65.28, H 
10.41, N 2.54; Found C 65.35, H 10.21, N 2.83. 
 
4,7-Bis((tert-butyldimethylsilyloxy)methyl)-2-(3,7-dimethyloctyl)-3a,4,7,7a-
tetrahydro-2H-isoindole-1,3-dione (2b).  
The preparation of compound 2b (52.20 g, 90%) was the same to compound 2a. 1H NMR 
(500 MHz, CDCl3, ppm): 5.78 (s, 2H), 4.18 ~ 4.21 (m, 2H), 3.88 ~ 3.92 (m, 2H), 3.40 (t, 
2H, J = 6.5 Hz), 3.20 ~ 3.22 (m, 2H), 2.46 (br, 2H), 1.42 ~1.54 (m, 4H), 1.03 ~ 1.30 (m, 
6H), 0.91 (s, 18H), 0.85 ~ 0.89 (m, 9H), 0.10 (s, 12H); 13C NMR (125 MHz, CDCl3, 
ppm): 177.39, 177.35, 130.58, 130.53, 63.04, 41.60, 39.85, 39.82, 39.17, 36.92, 34.67, 
30.55, 27.90, 25.94, 24.63, 22.65, 22.59, 19.26, 18.32; EI - MS: m/z = 522.4 (M+-
(CH3)3CH). C32H61NO4Si2 (579.4): Calcd. C 66.27, H 10.60, N 2.41; Found C 66.21, H 





To a solution of diene 1 (20.00 g, 0.058 mol) in p-xylene (200 ml) was added maleic 
anhydride (5.80 g, 0.058 mol). The mixture was refluxed overnight under nitrogen 
atmosphere and then the solvent was removed under vacuum at 80 oC. The crude product 
was purified by column chromatography (silica gel, hexane/DCM = 2/1 as eluent, Rf = 
0.8) to give compound 3 (19.20 g, 75%). 1H NMR (500 MHz, CDCl3, ppm): 5.85 (s, 2H), 
4.12 (t, 2H, J = 8.2 Hz), 3.91 ~ 3.92 (m, 2H), 3.58 ~ 3.59 (m, 2H), 2.53 (br, 2H), 0.91 (s, 
18H), 0.10 (s, 12H); 13C NMR (125 MHz, CDCl3, ppm): 171.30, 130.59, 62.09, 42.26, 
39.04, 25.86, 18.25, -5.48. EI - MS: m/z = 383.2 (M+-(CH3)3CH ). C22H40O5Si2 (440.2): 
Calcd. C 59.96, H 9.15; Found C 59.92, H 9.18. 
 
4,7-Bis((tert-butyldimethylsilyloxy)methyl)-2-(2-decyltetradecyl)-3a,4,7,7a-
tetrahydro-2H-isoindole-1,3-dione (2c).  
To a solution of compound 3 (5.24 g, 12.00 mmol) in p-xylene/toluene (100/100 ml ) was 
added dove-tailed amine C24H49NH254 (4.60 g, 13.00 mmol) under nitrogen atmosphere. 
The mixture was refluxed overnight with Dean-Stark trap and the solvent was removed 
under vacuum at 80 oC. The crude product was purified by column chromatography 
(silica gel, hexane/DCM = 1/1 as eluent, Rf  = 0.5) to give compound 2c (4.80 g, 50%). 1H 
NMR (300 MHz, CDCl3, ppm): 5.79 (s, 2H), 4.16 ~ 4.22 (m, 2H), 3.89 (t, 2H, J = 6.9 
Hz), 3.26 (d, 2H, J = 7.2 Hz), 3.20 ~ 3.22 (m, 2H), 2.47 (br, 2H), 1.63 (br, 2H), 1.25 (m, 
39H), 0.91 (m, 24H), 0.09 (s, 12H); 13C NMR (125 MHz, CDCl3, ppm): 179.92, 129.08, 
65.21, 42.84, 39.33, 37.73, 36.29, 36.13, 31.92, 29.97, 29.68, 29.65, 29.64, 29.58, 29.35, 
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26.26, 25.89, 22.68, 18.29, 14.09, -5.34. EI - MS: m/z = 718.7, (M+-(CH3)3CH). 
C46H89NO4Si2 (775.6): Calcd. C 71.16, H 11.55, N 1.80; Found C 71.39, H 11.28, N 1.72. 
 
4,7-Bis((tert-butyldimethylsilyloxy)methyl)-2-octylisoindoline-1,3-dione (4a).  
A mixture of compound 2a (3.63 g, 6.57 mmol) and sulfur (420.5 mg, 13.14 mmol) was 
heated at 220 °C for 20-30 mins. Upon heating, the color of the oil darkened and the 
hydrogen sulfide gas was gradually released. The reaction was monitored by thin layer 
chromatography. After cooling, the solidified oil was dissolved in CCl4 (20 ml) and then a 
small amount of Cu powder (0.90 g, 14.00 mmol) was added. The mixture was stirred for 30 
mins and filtrated. The solvent of the filtrate was removed under vacuum and the crude 
product was purified by column chromatography (silica gel, hexane/DCM = 3/1 as eluent, 
Rf = 0.2) to give the title product 4a in an average 35 % yield. 1H NMR (300 MHz, 
CDCl3, ppm): 7.92 (s, 2H), 5.21 (s, 4H), 3.58 ~3.63 (m, 2H), 1.63 (br, 2H), 1.26 ~ 1.31 
(m, 10H), 0.97 (s, 18H), 0.86 (t, 3H, J = 7.8 Hz), 0.14 (s, 12H). This compound is not 
very stable probably because of its complexation with sulfur, and thus it was used for 
next step immediately and the full characterization was done in next step. 
 
4,7-Bis((tert-butyldimethylsilyloxy)methyl)-2-(3,7-dimethyloctyl)isoindoline-1,3-
dione (4b).   
The preparation of compound 4b (35% yield) was the same to compound 4a. 1H NMR 
(300 MHz, CDCl3, ppm): 7.92 (s, 2H), 5.21 (s, 4H), 3.65 (t, 2H, J = 7.9 Hz), 1.10 ~ 1.50 
(m, 10H), 0.97 (m, 21H), 0.86 (d, 6H, J = 6.3 Hz), 0.14 (s, 12H). This compound is not 
very stable probably because of its complexation with sulfur, and thus it was used for 




dione (4c).  
The preparation of compound 4c (35% yield) was the same to compound 4a. 1H NMR 
(300 MHz, CDCl3, ppm ): 7.93 (s, 2H), 5.21 (s, 4H), 3.50 (t, 2H, J = 7.2 Hz), 1.85 (m, H), 
1.24 (m, 40H), 0.97 (s, 18H), 0.85 ~ 0.90 (m, 6H), 0.14 (s, 12H). This compound is not 
very stable probably because of its complexation with sulfur, and thus it was used for 
next step immediately and the full characterization was done in next step 
 
2-Octyl-4,7-bis(hydroxymethyl)isoindoline-1,3-dione ( 5a ).  
To a solution of TBDMS - protected compound 4a (11.00 g, 18.50 mmol) in dry THF 
(100 ml) was slowly added tetra-n-butylammonium fluoride (57 ml, 1 M in THF) at 0 °C. 
The mixture was stirred overnight at room temperature. The solvent was removed by 
rotary evaporation and the residue was purified by column chromatography (silica gel, 
DCM/EA = 3:1 as eluent, Rf  = 0.2) to give compound 5a (3.20 g, 50%). 1H NMR (300 
MHz, CDCl3, ppm): 7.58 (s, 2H), 4.93 (s, 4H), 4.0 (br, 2H), 3.66 (t, 2H, J = 7.2 Hz), 1.65 
(t, 2H, J = 7.2 Hz), 1.26 ~ 1.32 (m, 10H), 0.88 (t, 3H, J = 6.5 Hz); 13C NMR (125 MHz, 
CDCl3, ppm): 169.94, 140.12, 133.41, 129.48, 62.15, 38.30, 31.76, 29.12, 29.10, 28.50, 
26.87, 22.60, 14.06; EI - MS: m/z = 319.2 (M+). C18H25NO4 (319.2): Calcd.C 67.69, H 
7.89, N 4.39; Found C 67.50, H 7.88, N 4.16. 
 
2-(3,7-Dimethyloctyl)-4,7-bis(hydroxymethyl)isoindoline-1,3-dione (5b).  
The preparation of compound 5b (50% yield) was the same to compound 5a. 1H NMR 
(500 MHz, CDCl3, ppm): 7.58 (s, 2H), 4.95 (d, 4H, J = 6.0 Hz), 3.88 (t, 2H, J = 7.0 Hz), 
3.69 (t, 2H, J = 2.0 Hz), 1.65 ~ 1.73 (m, 1H), 1.44 ~ 1.54 (m, 3H), 1.10 ~ 1.36 (m, 6H), 
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0.96 (d, J = 6.3 Hz, 3H), 0.85 (d, J = 6.6 Hz, 6H). 13C NMR (75 MHz, CDCl3, ppm): 
169.90, 140.11, 133.39, 129.52, 62.15, 39.18, 36.18, 36.54, 35.44, 30.73, 27.90, 24.51, 
22.65, 22.57, 19.35; EI - MS: m/z = 347.2 (M+). C20H29NO4 (347.2): Calcd. C 69.14, H 
8.41, N 4.03; Found C 69.20, H 8.29, N 3.94. 
 
2-(2-Decyltetradecyl)-4,7-bis(hydroxymethyl)isoindoline-1,3-dione (5c).  
The preparation of compound 5c (70% yield) was the same to compound 5a. 1H NMR 
( 300 MHz, CDCl3, ppm ): 7.59 (s, 2H), 4.95 (s, 4H), 3.91 (br, 2H), 3.58 (d, 2H, J = 12 
Hz), 1.84 (br, 1H), 1.24 (m, 40H), 0.86 ~ 0.89 (m, 6H); 13C NMR (75MHz, CDCl3, ppm): 
170.18, 140.08, 133.37, 129.35, 62.09, 42.46, 37.05, 31.89, 29.92, 29.60, 26.23, 22.65, 
14.08; EI - MS: m/z = 543.8 (M+). C34H57NO4 (543.8): Calcd. C 75.09, H 10.56, N 2.58; 
Found C 75.29, H 10.37, N 2.56. 
 
2-Octyl-1,3-dioxoisoindoline-4,7-dicarbaldehyde (6a).  
In a typical small scale experiment pyridinium chlorochromate (270 mg, 7.25 mmol) was 
suspended in dichloromethane (4 ml), and compound 5a (120 mg, 0.22 mmol) in 
dichloromethane (1 ml) was added at room temperature. The solution became briefly 
homogeneous before the black insoluble reduced reagent precipitated. The mixture was 
stirred for 8 hours at room temperature and diluted with anhydrous ether (25 ml). The 
organic solution was decanted and the black solid was washed several times with ether. 
The solvent of the combined solutions were removed under vacuum and the residue was 
purified by column chromatography (silica gel, hexane/DCM = 2/3 as eluent, Rf = 0.2) to 
yield the light yellow product (62 mg, 68%). 1H NMR (500 MHz, CDCl3, ppm): 11.10 (s, 
2H), 8.32 (s, 2H), 3.77 (t, 2H, J = 7.2 Hz), 1.71 ~ 1.74 (m, 2H), 1.27 ~ 1.36 (m, 10H), 
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0.87 (t, 3H, J = 7Hz); 13C NMR (125 MHz, CDCl3, ppm): 188.03, 166.89, 136.24, 132.74, 
131.66, 38.74, 31.77, 29.13, 29.11, 28.48, 26.89, 22.63, 14.07; EI - MS: m/z = 315.1 (M+). 
C18H21NO4 (315.1): Calcd. C 68.55, H 6.71, N 4.44; Found C 68.45, H 6.94, N 4.29. 
 
2-(3,7-Dimethyloctyl)-1,3-dioxoisoindoline-4,7-dicarbaldehyde (6b).  
The preparation of compound 6b (65% yield) was the same to compound 6a. 1H NMR 
( 500 MHz, CDCl3, ppm ): 11.10 (s, 2H), 8.32 (s, 2H), 3.80 (m, 2H), 1.71 ~ 1.78 (m, 1H), 
1.50 ~ 1.55 (m, 3H), 1.13 ~ 1.50 (m, 6H), 0.98 (d, J = 6.3 Hz, 3H), 0.85 (d, J = 6.6 Hz , 
6H); 13C NMR (125 MHz, CDCl3, ppm): 188.01, 166.81, 136.21, 132.75, 131.62, 39.18, 
36.99, 36.91, 35.40, 30.77, 27.90, 24.53, 22.65, 22.57, 19.35; EI - MS: m/z = 343.2 (M+). 
C20H25NO4 (343.2): Calcd. C 69.95, H 7.34, N 4.08; Found C 69.82, H 7.02, N 3.94. 
 
2-(2-Decyltetradecyl)-1,3-dioxoisoindoline-4,7-dicarbaldehyde (6c).  
The preparation of compound 6c (68% yield) was the same to compound 6a. 1H NMR 
(300 MHz, CDCl3, ppm): 11.10 (s, 2H), 8.31 (s, 2H), 3.64 (d, 2H, J = 7.2 Hz), 1.90 (br, 
1H), 1.28 (m, 40H), 0.84 ~ 0.88 (m, 6H); 13C NMR (75 MHz, CDCl3, ppm): 187.99, 
167.10, 136.16, 132.59, 131.61, 42.87, 37.09, 31.88, 29.90, 29.59, 26.24, 22.65, 14.07; EI 
- MS: m/z = 539.4 (M+). C34H53NO4 (539.4): Calcd. C 75.65, H 9.90, N 2.59; Found C 
75.65, H 9.69, N 2.66. 
 
4,7-Bis(bromomethyl)-2-octyl-isoindoline-1,3-dione (7a). 
To a solution of diol 5a (130 mg, 0.41 mmol) in ether (3 ml) was added PBr3 (0.84 mmol) 
at 0 °C. The solution was stirred overnight at room temperature and quenched with ice. 
The mixture was extracted by ether (3 x 30 ml) and the extraction was dried over 
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anhydrous sodium sulfate. The solvent was removed under vacuum and the crude product 
was purified by column chromatography (hexane/DCM = 3/1, Rf = 0.4) to give a light 
yellow solid (73 mg, 40%). 1H NMR (500 MHz, CDCl3, ppm): 7.69 (s, 2H), 4.97 (s, 4H), 
3.68 (t, 2H, J = 7.4 Hz), 1.67 (t, 2H, J = 6.9 Hz), 1.26 ~ 1.33 (m, 10H), 0.87 (t, 3H, J = 
6.4 Hz). 13C NMR (75 MHz, CDCl3, ppm): 167.48, 136.74, 136.20, 128.59, 38.11, 31.72, 
29.09, 29.05. 28.43, 26.85, 25.83, 22.57, 14.04; EI - MS: m/z = 445.1 (M+). 
C18H23Br2NO2 (445.2): Calcd. C 48.56, H 5.21, N 3.15; Found C 48.36, H 5.02, N 2.83. 
 
4,7-Bis(bromomethyl)-2-(3,7-dimethyloctyl)isoindoline-1,3-dione (7b). 
The preparation of compound 7b (35% yield) was the same to compound 7a. 1H NMR 
(500 MHz, CDCl3, ppm): 7.68 (s, 2H), 4.96 (s, 4H), 3.68 (t, 2H, J = 2 Hz), 1.67 ~ 1.72 (m, 
1H), 1.47 ~ 1.50 (m, 3H), 1.09 ~ 1.33 (m, 6H), 0.96 (d, J = 6.5 Hz, 3H), 0.85 (d, J = 6.5 
Hz, 6H); 13C NMR (125M, CDCl3, ppm): 167.5,136.8, 136.2, 39.19, 36.95, 36.45, 35.44, 
30.81, 27.92, 25.85, 24.56, 22.68, 22.60, 19.38; EI - MS: m/z = 473.1(M+). C20H27Br2NO2 
(473.2): Calcd. C 50.76, H 5.75, N 2.96; Found C 51.06, H 5.61, N 2.92.  
 
4,7-Bis(bromomethyl)-2-(2-decyltetradecyl)isoindoline-1,3-dione (7c). 
The preparation of compound 7c (50% yield) was the same to compound 7a. 1H NMR 
(300 MHz, CDCl3, ppm): 7.69 (s, 2H), 4.97 (s, 4H), 3.55 (d, 2H, J = 7.2 Hz), 1.86 (br, 
1H), 1.25 (m, 40H), 0.86 ~ 0.90 (m, 6H); 13C NMR (75 MHz, CDCl3, ppm): 167.77, 
136.78, 136.20, 128.58, 42.37, 37.05, 31.91, 29.95. 26.63, 26.27, 25.85, 22.67, 14.08; EI 
- MS: m/z = 669.1 (M+). C34H55Br2NO2 (669.6): Calcd. C 60.98, H 8.28, N 2.09; Found C 




Polymer DI-PPV-C8.  
In a typical small scale reaction, the bromide 7a (100 mg, 0.224 mmol) was refluxed in 
1ml triethyl phosphite for 8 hours. The excess triethyl phosphite was removed by vacuum 
at 80 °C. The dialdehyde 6a (70.80 mg, 0.224 mmol), potassium tert-butoxide (55.30 mg, 
0.493 mmol) and 5 ml of dry THF were added to the flask under nitrogen atmosphere. 
After 5 hours, the color of the solution changed from green to light yellow. After stirring 
at room temperature for three days, 4-methoxybenzaldehyde (5.0 mg, 0.047 mmol) was 
added and the mixture was further stirred for one day. The mixture was poured into 
methanol to yield precipitates. The solid was collected and re-precipitated from 
chloroform to methanol to yield the polymer as an orange solid (97.0 mg, 76%).  1H 
NMR (500 MHz, CDCl3, 55oC, ppm): 8.57 ~ 8.62 (br, 2H), 8.18 (br, 2H), 3.77 ~ 3.90 (br, 
2H), 0.88 ~ 1.39 (m, 15H). 13C NMR spectrum for this polymer is difficult to record. 
Only the signals from alkyl chains were obtained. The signals from aromatic rings can 
not be observed even the experiment was done for 24 hrs in CDCl3 at 55oC. This is 
probably due to the strong interchain interactions of the rigid PPV chains. (C18H21NO2)n 
(283.2)n: Calcd. C 76.29, H 7.47, N 4.94; Found C 76.01, H 7.29, N 4.82. 
 
Polymer DI-PPV-C10. 
The preparation of polymer DI-PPV-C10 (75% yield) was the same to DI-PPV-C8.  1H 
NMR (500 MHz, CDCl3, 55 oC, ppm): 8.60 (br, 2H), 8.17 (br, 2H), 3.80 ~ 4.0 (br, 2H), 
0.89 ~ 1.75 (m, 19H). 13C NMR (125 MHz, CDCl3, 55oC for 24 hrs, ppm,): 168.28, 
134.28, 130.36, 127.80, 62.78, 39.28, 37.08, 35.59, 30.94, 29.62, 27.89, 24.53, 22.56, 
19.38, 16.24. (C20H25NO2)n (311.2)n.: Calcd. C 77.14, H 8.09, N 4.50; Found C 76.93, H 




Polymer DI-PPV-C24.  
The preparation of polymer DI-PPV-C24 (yield 60%) was the same as DI-PPV-C8. 1H 
NMR (500 MHz, CDCl3, 55 oC, ppm): 7.40 ~ 8.80 (m, 4H), 3.50 ~ 4.20 (br, 2H), 1.80 ~ 
2.03 (m, 5H), 1.28 (br, 36H), 0.87 (m, 6H). 13C NMR (125 MHz, CDCl3, 55oC for 24 hrs, 
ppm): 168.94, 134.63, 134.57,130.48, 129.91, 127.71, 62.33, 42.73, 37.32, 31.98, 30.24, 
29.74, 26.69, 22.70, 16.39, 14.03. GPC (THF, relative to polystyrene standards), Mw = 
20448 g/mol, Mn = 10997 g/mol; polydispersity index = 2.04. (C34H53NO2)n (507.4)n: C 
80.42, H 10.52, N 2.76; found: C 80.21, H 10.38, N 2.69. 
 
2.4 Conclusion 
    In summary, we have successfully synthesized a series of dicarboxylic imide-
substituted PPVs which showed high electron affinity (3.60 eV) and high thermal 
stability. The resulting polymers remain the rigidity of the PPV backbone and thus 
showed strong interchain interactions, which is essential for achieving efficient charge 
transport in thin films. In addition, these polymers also displayed good solubility in 
common organic solvents either at room temperature or at elevated temperatures. All 
these material properties qualify them as good candidates of high performance n-type 
conjugated polymers for electronic device applications such as n-channel field effect 
transistors and all polymer-based solar cells. So far we are doing FET device test on these 
polymers. In addition, the key intermediate compounds such as 6a-c and 8a-c also allow 
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Chapter 3: Synthesis of Stable n-type Pentacene Derivatives 




    In Chapter 1, we have known that pentacene shows excellent performance as p-type 
semiconductor materials with high hole mobility as high as 35 cm2V-1S-1.1 Whereas 
pentacene without any substituent is unstable under ambient condition and insoluble in a 
variety of organic solvents, chemical modification to introduce substituents on pentacene 
has been developed to prepare its stable and soluble derivatives.2 A typical approach 
toward most functional pentacene derivatives involves the functionalization of 
pentacenequinones, i.e., a pentacenequinone is treated with aryl or alkyne lithium or 
Grignard reagent followed by aromatization of the as-formed diol.3-5 In addition, other 
strategies such as ZnI2-mediated reaction of pentacene-6,13-diol with thiols followed by 
oxidative dehydrogenation,6 Diels-Alder cycloaddition between isobenzofuran 
derivatives and p-benzoquinone followed by reductive aromatization7 and zirconocene-
mediated cyclization of  diynes, 8 were also reported. 
    An ideal pentacene building block for further functionalizations is brominated 
pentacene with the Br- groups at specific sites, e.g., the meso- 6,13-positions, which can 
undergo various palladium catalyzed coupling reactions. However, synthesis of well-
defined brominated pentacenes is challenging and direct bromination by using bromine or 
N-bromosuccinimide (NBS) is not feasible due to the high reactivity and poor solubility 
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of pentacene. Many positions of pentacene can be brominated in this case. Dibromo- and 
tetrabromo-pentacene derivatives have been reported by Bao and Anthony’s groups and 
in both cases, the bromine atoms are attached to the first and fifth ring of the pentacene 
framework.9 However, dibromo-pentacenes with the bromine atoms regioselectively 
located at the meso-6,13-positions have never been reported. Another concern is the 
relatively poor photostability of most of pentacene derivatives due to their high HOMO 
energy level. Funcationalization at 6,13 positions can prevent the oxidation or photo 
oxidation of pentacene due to the high reactivity of both positions. Recent works from 
our groups and other groups indicates that attachment of electron-withdrawing groups 
onto the highly reactive higher order acenes and peri-fused acenes is an efficient 
approach to obtain stable materials10 or convert p-type acenes to n-type acenes. Therefore, 
in this chapter, we attached electron withdrawing dicarboximide (DI) groups at the end of 
pentacene and introduced bromo-groups at 6,13 positions. The 6,13-dibromopentacene 
diimide 1 (Scheme 3.1) was synthesized for the first time, which can be used as a 
versatile building block for the synthesis of a series of soluble and stable pentacene 










3.2 Results and discussions 
3.2.1 Synthesis 
    A pentacene bis(dicarboximide) analog of 1 without the dibromo groups was reported 
by Takahashi et al8b but it tends to dimerize easily due to the high reactivity of 6,13 
positions. As shown in Scheme 3.1, our key synthetic strategy towards the pentacene 
diimide framework is to utilize the Diels–Alder reaction between  the reactive benzo-
[1,2-c:4,5-c’] difuran intermediate11 and the dienophile dicarboxylic imide 3, followed by 
step-wise aromatization reactions. A retro Diels–Alder reaction of compound 211 upon 
heating to 190–200 oC generated benzo-[1,2-c:4,5-c’] difuran in situ, which then reacted 
with 3 to give the addition product 4 in 50% yield. Dehydration of 4 with trimethylsilyl 
triflate in chloroform afforded the anthracene derivative 5 in 45% yield. Bromination of 5 
with 2 equiv of Br2 at 0 oC in the dark selectively provided the desired meso- dibromo-
anthracene compound 6 in 85% yield. Dehydrogenation of 6 by heating together with 2,3-
dichloro-5,6-dicyanobenzoquinone (DDQ) or Pd/C failed to give the target compound 1 
and most of the starting material was recovered. Alternatively, 6 was brominated with 
NBS in refluxing CCl4 and the obtained compound 7 was treated with triethylamine to 




Scheme 3.1 Synthetic route of stable pentacene diimides 1 and 8a-d.  
The potential of 1 as an useful synthon for various pentacene derivatives was then 
tested by various Pd-catalyzed coupling reactions (Scheme 3.1). Pd-catalyzed cyanation 
of 1 with CuCN in dioxane worked smoothly and the 6,13-dicyano-pentacene diimide 8a 
was obtained in 95% yield. The Hagihara-Sonogashira coupling between 1 and 4-
dimethylaminophenylacetylene (9a) can even be carried out at room temperature and 
gave 8b in nearly quantitative yield. Such a high reactivity of C-Br bond in 1 can be 
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attributed to the activation effect by the electron-withdrawing imide groups. Stille 
coupling reaction between 1 and tributyl(thiophen-2-yl)stannane (9b) also afforded the 
thienyl-substituted pentacene diimide 8c in nearly quantitative yield. Suzuki coupling 
reaction of 1 with 4-cyanophenylboronic ester (9c) by using Pd(PPh3)4– NaHCO3 system 
in THF/H2O successfully gave compound 8d in 90% yield. However, attempts to 
introduce vinylene substituents through Heck reaction with styrene and 1 were so far 
unsuccessful presumably due to the low stability and decomposition of the final products 
at high reaction temperature (100 oC). Further optimization of reaction conditions will be 
carried out in the future. Compounds 1 and 8a-8d were characterized by 1H NMR, 13C 
NMR, mass spectra and elemental analysis (see experimental section in this chapter). The 
1H NMR spectra of compounds 1 and 8a-8d with proton assignment were shown in the 




































































































































































































































































































































































































































































































































































Figure3.5 1H NMR (500 MHz) spectrum of compound 8d in CDCl3.
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3.2.2 Photophysical  Properties. 
All the new pentacene bis(dicarboximide)s show good solubility in normal organic 
solvents due to the attachment of the dove-tail alkyl chains. The solutions of compounds 
1 and 8a-d in toluene are all in deep color and the UV-vis absorption spectra are shown 
in Figure 3.6 and the data was summarized in Table 3.1. In comparison to the parent 
pentacene which shows absorption maximum at 303 nm (β- band) and 582 nm (p-band) 
in trichlorobenzene,13 the 6,13-dibromo-pentacencene diimide 1 exhibits a similar well-
resolved band structure but with significant red-shift of whole spectrum, for example, the 
β-band and p-band maxima are now shifted to 352 and 622 nm, respectively. Such 
bathochromic shift can be explained by intramolecular donor (pentacene)–acceptor 
(dicarboxylic imide) interactions as observed in many aromatic imides.10 Compounds 8a,  
 
Figure 3.6 UV-vis-NIR absorption spectra of 1, 8a-d in toluene. Insert is a picture of the 
solutions of these compounds in toluene.  
8c, and 8d show similar vibronic band structures to 1 as they basically hold a same 
pentacene chromophore. The absorption spectrum of 8a is red-shifted in comparison to 
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that of 1 because of extended π-conjugation along the cyano groups. The absorption 
spectra of 8c and 8d are just slightly different from that of 1, indicating that the π-
conjugation between the pentacence core and the aryl substituents are relatively weak as 
usually observed for other pentacenes.  















1 352, 622 113225 635 0.76  -1.17 -5.51  -3.76 1.93 
8a 361, 638 81035 652 NA -0.75 NA -4.19 1.88 
8b 344, 750 78890 811 0.16 -1.25 -4.91 -3.65 1.52 
8c 355, 620 107271 648 0.78 -1.36 -5.45 -3.53 1.92 
8d 353, 614 93202 625 0.79 -1.30 -5.50 -3.59 1.95 
aEoxn and Eredn are half-wave potentials for respective redox waves with Fc/Fc+ as 
reference. HOMO and LUMO energy levels were calculated from the first oxidation and 
reduction wave onset according to the equations HOMO = - (4.8 + Eoxonset) eV and 
LUMO = - (4.8 + Eredonset) eV.14 
The fluorescence spectra of 1, 8a, 8c, 8d are quite similar, they are located at the far-
red and near infrared range around 500-750 nm (Figure 3.7 and Table 3.1). In contrast, 
compound 8b with a cruciform structure display broad absorption with the longest 
wavelength absorption maximum at 750 nm (Figure 3.6). Such significant spectral 
broadening and red-shift can be explained by the strong intramolecular donor-acceptor 
interactions which narrow the optical energy gap. Accordingly, its emission spetrum 
shows two bands in toluene. One band is centered at 581 nm, and another band is located 
at longer wavelength around 811 nm (Figure 3.7). The emission band with longer 
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wavelength can be attributed to the intramolecular charge transfer. It is further proved by 
positive solvatochromism effect in chloroform in comparison with solution in toluene 
(Figure 3.8). For example, when the solvents change from toluene to chloroform, the 
absorption spectra of 8b show slightly red-shift. However, its emission spectra display a 
significant bathochromic shift and emission intensity of the band located at 800-820 nm 
decrease largely. The fluorescence quantum yields are determined as 0.2%, 6.0%, 0.8%, 
1.3% and 8.5% for 1 and 8a-d, respectively (Rhodamine 6G in methanol as the reference).  




















Wavelength (nm)  
Figure 3.7. Florescence spectra of compounds 1 and 8a–d in toluene (1×10-5 M). 



























































Figure 3.8. UV-vis-NIR absorption (a) and fluorescence (b) spectra of 8b in toluene and 
chloroform (1×10-5 M). The excitation wavelength is 500 nm. 
  The photostability of these pentacene diimides in toluene was investigated under 
ambient light irradiation (inside lab with room light on) and white light (60 W) irradiation 
in air. The photo-induced degradation was quantified by monitoring the decrease of the 
longest wavelength as a function of photolysis time (Figure 3.9). For example, upon 
irradiation with ambient light, the solutions of compound 1 gradually decomposed with a 
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decrease of the optical intensity at the longer wavelength band and appearance of new 
absorption band in the shorter wavelengths (ca. 306 and 410 nm) (Figure 3.9 (a)). At 
ambient condition, the half-life time (t1/2) of around 700, 11000, 90, and 30 minutes were 
estimated for compounds  1, 8a, 8c and 8d, respectively, by plotting the absorption 
intensity at longest wavelength of absorption maximum with the irradiation time (Figure 
3.9 (b)). The high photostability of 1 and 8a can be explained by the further stabilization 
induced by the electron-withdrawing Br- and CN- groups. For comparison, 6,13-
di(triisopropylsilylethynyl) pentacene as one of the most stable pentacene derivatives 
showed a half-life time of about 9 hours under ambient conditions.4a Interestingly, 
compound 8b exhibited extremely high photostability although it owns the highest 
HOMO energy level. A half-life time (t1/2) of nearly one month can be estimated by 
extrapolation of the degradation curve (Figure 3.9(b))! Such high stability may be related 
to the intramolecular charge transfer character of 8b in excited states.  




















































Figure 3.9 (a) Change of the UV-vis-NIR absorption spectra of 1 in toluene (1 ×10-5 M) 
with time when exposed to ambient light irradiation; (b) change of the optical density at the 
corresponding longest wavelength of absorption maximum of 1 and 8a-d as a function of 





3.2.3 Electrochemical Properties. 
The electrochemical properties of these new pentacene diimides were studied by cyclic 
voltommetry in dry chlorobenzene (Figure 3.10 and Table 3.1). All of them showed two 
reversible reduction waves (quasi – reversible reduction waves for 1), indicating that they 
can be reduced into corresponding radical anion and dianion, which are stabilized by the 
delocalized pentacene unit and the electron-withdrawing carboximide groups. For the 
cyanated compound 8a, a significantly higher reduction half-wave potential (-0.75 V vs 
Fc/Fc+) was observed due to the strong electron-withdrawing character of CN- groups. A 
very low lying LUMO level of -4.19 eV was estimated based on the reduction onset, 
indicating that 8a could be a good candidate for n-type semiconductors.14 Due to its high  
 
Figure 3.10 Cyclic voltammograms of 1 and 8a-d in chlorobenzene with 0.1 M Bu4NPF6 
as supporting electrolyte, AgNO3/Ag as reference electrode, Au disk as working electrode, 
Pt wire as counter electrode, and scan rate at 50 mV/s. The potential was calibrated 
against the ferrocene/ferrocenim couple. 
electron affinity, oxidation waves was not observed for 8a in the available 
electrochemical window. For 1, 8c and 8d, one (quasi-) reversible oxidation wave was 
observed with slightly different half-wave potentials. Accordingly, they have a similar 
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HOMO energy level. Compound 8b exhibited multiple oxidative waves with the first 




3.3.1 General Methods 
    All reactions were carried out under an inert nitrogen or argon atmosphere. Anhydrous 
tetrahydrofuran and toluene were distilled over sodium under a nitrogen atmosphere. 
Furan was distilled over anhydrous K2CO3. All NMR spectra were recorded on Bruker 
AMX500 at 500 MHz and Bruker ACF300 at 300 MHz spectrometers. All chemical 
shifts are quoted in ppm, relative to tetramethylsilane, using the residual solvent peak as a 
reference standard. EI-MS was recorded on Finnigan TSQ 7000 triple stage quadrupole 
mass spectrometer. High resolution mass spectra were recorded on a Finnigan 
MAT95XL-T with FAB ionization source or recorded on Finnigan MAT 95 × P 
spectrometer. UV-vis absorption and fluorescence spectra were recorded on Shimadzu 
UV-1700 spectrometer and RF-5301 fluorometer, respectively. Cyclic voltammetry was 
performed on a CHI 620C electrochemical analyzer with a three-electrode cell in a 
solution of 0.1M tetrabutylammonium hexafluorophosphate (Bu4NPF6) dissolved in dry 
chlorobenzene. A gold disk, a Pt wire and an Ag/AgNO3 electrode were used as the 
working electrode, counter electrode and reference electrode, respectively. The potential 
was calibrated against the ferrocene/ferrocenium couple. 
 
3.3.2 Synthetic procedure 
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1,4,5,8-Tetrahydroanthracene 1,4:5,8-diepoxide  
This diepoxide was prepared according to the literature with revision15. An dry three-
necked, round-bottomed flask equipped with a 250 mL pressure equalizing dropping 
funnel and an argon inlet is charged with 500 mL of dry toluene, freshly distilled furan 
(0.66 mol, 48 mL) and 1,2,4,5-tetrabromobenzene (13.2 g, 0.033 mol). In an argon 
atmosphere, the solution is cooled to −15 °C (ice and NaCl) and n-butyllithium (1.6 M, 
43.6 mL) in hexane is added dropwisely over 1 hour. After addition is complete, the 
mixture is allowed to warm to room temperature without removing ice bath and is stirred 
at room temperature for 8 hours. The reaction is quenched by dropwise addition of 10 mL 
of methanol. The mixture was washed by saturated NaCl solution and dried by Na2SO4. 
The solvent was removed by vacuum evaporator and the resulting residue was washed 
with methanol. The solid was collected as a part of product. The filtrate was evaporated 
and the residue was purified by column (Hexane/EA = 3:1; Rf = 0.3). The solid obtained 
from filtration and products from chromatography were combined to give this compound 
(3.9 g) in a total yield of 55%. 
 
Compound 2 
Compound 2 was prepared according to the literature16. A solution of 1,4,5,8-Tetrahydro- 
-anthracene 1,4:5,8-diepoxide (6.0 g, 28.5 mmol) and tetraphenylcyclopentadienone (22 g, 
57 mmol) in benzene (300 mL) was heated at reflux for 2 days, after which the benzene 
was removed under vacuum. Trituration of the residue with methanol gave a solid, which 




3a,4,7,7a-Tetrahydro-1H-isoindole-1,3(2H)-dione (13.2 g, 0.087 mol), potassium 
carbonate (36.3 g, 0.26 mol), tetra-n-butylammonium bromide (2.8 g, 8.7 mmol) and 
DMF (100 mL) was stirred in a round bottom flask under argon. The 11-
(bromomethyl)tricosane (36.6 g, 0.087 mol) was added to the mixture dropwisely. Then 
the mixture was heated to 50 oC and stirred for 12 hours. When the reaction was complete, 
the mixture was cooled to room temperature and added to 200 mL water. The mixture 
was extracted by ethyl acetate and the organic phase was washed by saturated NaCl 
solution. The organic layer was separated and dried over Na2SO4. After evaporation to 
remove organic solvent, the residue was purified by column chromatography (Hex/EA = 
5:1; Rf = 0.5) to give compound 3 (36.2 g) in a yield of 85%.  1H NMR (500 MHz, 
CDCl3, ppm): δ = 5.88 (m, 2H), 3.33 (d, J = 7.55 Hz, 2H), 3.05 ~ 3.04 (m, 2H), 2.62 ~ 
2.59 (m, 2H), 2.23 ~ 2.19 (m, 2H), 1.73 (m, H), 1.24 ~ 1.15 (m, 40H), 0.87 (t, J = 6.95 Hz, 
6H). 13C NMR (125 MHz, CDCl3, ppm): δ = 180.40, 127.86, 43.18, 38.98, 36.03, 31.90, 
31.23, 29.96, 29.63, 29.56, 29.33, 26.17, 23.64, 22.66, 14.08. HRMS (EI): calcd for 
C32H57NO2 [M+], 487.4389; found, 487.4372 (error: -3.5 ppm). 
 
Compound 5 
In a typical procedure, to a refluxing solution of dienophile 3 (7.3 g, 15 mmol) in 100 mL 
of decalin under argon was added dropwise (2 h) a suspension of 2 (5.0 g, 5.1 mmol) in 
200 mL of decalin. Solvent was removed under high vacuum around 100 oC and column 
chromatography gave the high polar bis-adducts 4 (2.9 g) in an isolated yields of 50%. 
Bis adducts 4 were a combination of a serial of isomers and directly used for the next step. 
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Bis adducts 4 (2.9 g, 2.6 mmol) was treated with trimethylsilyl trifluoromethanesulfonate 
(4 mL) in chloroform (250 mL) for 4 hours at room temperature. The mixture was 
washed with water and dried over anhydrous Na2SO4. Solvent was removed under 
vacuum and the residue was purified by column chromatography (Hexane/EA = 6:1; Rf = 
0.3) to give compound 5 (1.3 g) in a yield of 45%. 1H NMR (300 MHz, CDCl3, ppm): δ = 
8.18 (s, 2H), 7,71 (s, 4H), 3.41 ~ 3.33 (m, 8H), 3.13 ~ 3.07 (m, 8H), 1.25 ~ 0.45 (m, 94H). 
13C NMR (125 MHz, CDCl3, ppm): δ = 179.61, 132.52, 131.13, 126.23, 125.19, 43.02, 
39.93, 35.55, 31.95, 31.93, 30.39, 30.01, 29.72, 29.69, 29.67, 29.61, 29.58, 29.55, 29.37, 
29.34, 25.74, 22.69, 14.11. HRMS (FAB): calcd for C74H116O4N2 [M+], 1096.8930; found, 
1096.8896 (error: -3.1 ppm).  
 
Compound 6 
Compound 5 (1.1g, 1 mmol) was dissolved in 100 mL CCl4 and cooled to 0 oC. Bromine 
(0.4 g, 2.5 mmol ) in CCl4 (10 mL) was added dropwisely in the dark to the solution. In 
some case, trace of FeCl3 was added to catalyze the reaction. The mixture was maintained 
at 0 oC for 8 hours and then warmed to room temperature. The reaction was continued at 
room temperature for further 18 hours. Solvent was removed under vacuum and the 
residue was purified by column chromatography (Hex/EA = 6:1; Rf = 0.3) to give 
compound 6 (1.1 g) in a yield of 85%.  1H NMR (500 MHz, CDCl3, ppm): δ = 8.31 (s, 
4H), 3.52 ~ 3.40 (m, 8H), 3.16 ~ 3.12 (m, 8H), 1.25 ~ 0.40 (m, 94H). 13C NMR (125 
MHz, CDCl3, ppm): δ = 179.23, 135.08, 130.43, 126.51, 122.12, 43.04, 39.64, 35.53, 
31.92, 30.40, 29.91, 29.68, 29.66, 29.64, 29.56, 29.50, 29.46, 29.37, 29.32, 25.75, 22.69, 
14.12. HRMS (FAB): calcd for C74H114Br79Br81N2O4 [M+], 1254.7119; found, 1254.7133 
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(error: 1.1 ppm).  
 
Compound 1 
Compound 6 (1.3g, 1 mmol), N-bromosuccinimide (1.4 g, 8 mmol), and benzoyl 
peroxide (36 mg) were placed in a 500 mL flask with 250 mL CCl4. The stirring reaction 
mixture was refluxed in the dark for 8 hours under argon. Then N-bromosuccinimide (0.7 
g, 4 mmol) and benzoyl peroxide (12 mg) was added to complete the reaction. Stirring 
continued for further16 hours. After the mixture had cooled to room temperature, solvent 
was removed under vacuum and purified by flash column (elute: Hex/EA = 3:1) to give 
crude product of compound 7 (1.1 g) in a yield of 60%. Compound 7 was directly used 
for the next step. It was dissolved in 200 mL CHCl3 and 10 mL of Et3N was added, and 
stirring continued for 8 hour under argon in the dark at room temperature. The solvent 
was removed under vacuum and purified with column firstly by eluting using Hex/EA = 
3:1 and then using CHCl3 to give crude product of compound 1. The crude product was 
dissolved in CHCl3 and precipitate in methanol and the precipitate was washed with 
acetone to give compound 1 (0.46 g) in a yield of 60%. 1H NMR (300 MHz, CDCl3, 
ppm): δ = 9.03 (s, 4H), 8.26 (s, 4H), 3.65 (d, J = 6.75 Hz , 4H), 1.95 (br, 2H), 1.32 ~ 1.22 
(m, 80H), 0.85 (t, J = 6.24 Hz, 12H). 13C NMR (125 MHz, CDCl3, ppm): δ = 167.11, 
132.46, 131.45, 129.60, 127.96, 125.70, 124.93, 45.37, 43.01, 37.01, 31.92, 30.01, 29.71, 
29.69, 29.66, 29.64, 29.35, 26.36, 22.67, 14.09. Maldi-Tof MS: calcd for C74H106Br2N2O4 
[M+]: 1244.65; found: 1244.66; Elemental analysis: Calcd for C74H106Br2N2O4:  C, 71.25; 




Compound 1 (0.030 g, 0.024 mmol), copper cyanide (0.030 g, 0.336 mmol), 1,1’-
bis(diphenylphosphino)-ferrocene (0.008 g, 0.014 mmol) and tris(dibenzylideneacetone)-
dipalladium(0) (0.015 g, 0.016 mmol) were combined in 10 ml p-dioxane and heated to 
100 oC for 19 hours under an argon atmosphere. The solvent was removed under vacuum. 
The crude product was purified by a flash column using elute (Hex/EA = 3:1) and 
chloroform. The resulting product was dissolved in chloroform and precipitated in 
methanol to give compound 8a (25.5 mg) in 95% yield. 1H NMR (500 MHz, CDCl3, 
ppm): δ = 9.37 (s, 4H), 8.61 (s, 4H), 3.73 (d, J = 6.95, 4H), 1.99 (br, 2H), 1.45 ~ 1.23 (m, 
80H), 0.86 (t, J = 6.95 Hz, 12H). 13C NMR (125 MHz, CDCl3, ppm): δ = 166.76, 134.36, 
130.60, 129.53, 129.22, 125.62, 115.66, 112.54, 43.21, 37.03, 31.91, 29.97, 29.68, 29.65, 
29.61, 29.34, 26.33, 22.67, 14.08. Maldi-Tof MS: calcd for C76H106N4O4 [M+]: 1138.82, 
found: 1138.66; Elemental analysis: Calcd for C76H106N4O4:  C, 80.09; H, 9.37; N, 4.92; 
found: C 80.22, H 9.30, N 4.71 
 
Compound 8b 
To a dry bottle was added compound 1 (31 mg, 0.025 mmol), (4-
Ethynylphenyl)dimethylamine17 (36.3 mg, 0.25 mmol), triphenylphosphine (2 mg. 
0.008mmol) and copper(I) iodide (1 mg, 0.005 mmol). 5 mL of THF and 5 mL of (Et)3N 
were added to this mixture. The resulting solution was deoxygenated by freeze-thow-
pump once and then bis(triphenylphosphine)palladium (II) dichloride (2 mg, 0.003 mmol) 
was added under argon. The mixture was deoxygenated by freeze-thow-pump for two 
more times and then warmed to room temperature. The reaction was stirred at room 
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temperature in the dark for 8 hours. The solvent was removed under vacuum. The crude 
product was purified by a flash column using elute (Hex/EA = 3:1) and then chloroform. 
The resulting product was dissolved in chloroform and precipitated in methanol to give 
compound 8b (34 mg) in a quantitative yield. 1H NMR (500 MHz, CDCl3, ppm): δ = 8.49 
(s, 4H), 8.05 (s, 4H), 7.33 (d, J = 7.55 Hz, 4H), 6.66 (d, J = 8.2 Hz, 4H), 3.51 (d, J = 5.7 
Hz, 4H), 3.14 (s, 12H), 1.92 (br, 2H), 1.45 ~ 1.23 (m, 80H), 0.84 (m, 12H). 13C NMR 
(125 MHz, CDCl3, ppm): δ = 167.57, 150.49, 133.11, 131.40, 129.97, 129.81, 126.68, 
125.97, 118.94, 111.87, 109.43, 108.68, 86.11, 42.59, 40.18, 39.20, 37.03, 31.92, 31.66, 
30.12, 29.72, 29.36, 26.40, 22.67, 14.08. Maldi-Tof MS: calcd for C94H126N4O4 [M+], 
1374.98, found: 1374.92; Elemental analysis: calcd for C94H126N4O4: C, 82.05; H, 9.23; 
N, 4.07; found: C 82.15, H 9.12, N 4.17. 
 
Compound 8c 
To a dry bottle was added compound 1 (62 mg, 0.05 mmol) and tributyl(thiophen-2-
yl)stannane18 (55 mg, 0.l5 mmol) under argon.  12 mL of dry toluene and 2 ml of DMF 
were added to this mixture. The resulting solution was deoxygenated by pump three times. 
Then tetrakis (triphenylphosphine) palladium (13 mg, 0.0113 mmol) was added under 
argon. The mixture was deoxygenated again by pump three times and refluxed in the dark 
for 18 hours. The mixture was cooled to room temperature and added to a solution of 
K2CO3, then extracted by chloroform three times. The organic solvent was removed 
under vacuum. The crude product was purified by a flash column using elute (Hex/EA = 
3:1). The resulting product was dissolved in chloroform and precipitated in methanol to 
give compound 8c (62 mg) in a quantitative yield. 1H NMR (500 MHz, CDCl3, ppm): δ = 
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8.76 (s, 4H), 8.33 (s, 4H), 7.84 (d, J = 5.05 Hz, 2H), 7.51 ~ 7.49 (m, 2H), 7.44 (d, J = 
3.15 Hz, 2H), 3.59 (d, J = 6.95 Hz, 4H), 1.92 (br, 2H), 1.35 ~ 1.21 (m, 80H), 0.84 (t, J = 
6.30 Hz, 12H). 13C NMR (125 MHz, CDCl3, ppm): δ = 167.41, 137.23, 132.56, 131.57, 
131.22, 130.78, 130.33, 128.21, 127.78, 127.00, 126.43, 42.79, 36.86, 31.88, 29.93, 29.65, 
29.61, 29.54, 29.31, 26.30, 22.64, 14.06. Maldi-Tof MS: calcd for C82H112N2O4S2 [M+], 
1252.81, found: 1253.03; Elemental analysis: calcd for C82H112N2O4S2: C, 78.54; H, 9.00; 
N, 2.23; found: C 78.45, H 9.31, N 2.14. 
 
Compound 8d 
To a dry bottle was added compound 1 (40 mg, 0.032 mmol), 4-cyanobenzeneboronic 
acid pinacol ester19 (20 mg, 0.087 mmol) and sodium bicarbonate (0.2 g, 2.4 mmol) 
under argon.  10 mL of dry THF and 1 mL of deoxygenated water were added to this 
mixture. The resulting solution was deoxygenated by pump three times. Then tetrakis 
(triphenylphosphine) Palladium (10 mg, 0.009 mmol) was added under argon. The 
mixture was deoxygenated again by pump three times and refluxed in the dark for 24 
hours. The organic solvent was removed under vacuum. The crude product was purified 
by a flash column using elute (Hex/EA = 3:1) and chloroform. The resulting product was 
dissolved in chloroform and precipitated in methanol to give compound 8d (36 mg) in 
90% yield. 1H NMR (500 MHz, CDCl3, ppm): δ = 8.45 (s, 4H), 8.30 (s, 4H), 8.11 (d, J = 
8.2 Hz, 4H), 7.78(d, J = 7.55 Hz, 4H), 3.62 (d, J = 7.55 Hz, 4H), 1.92 (br, 2H), 1.40 ~ 
1.21 (m, 80H), 0.86 ~ 0.84 (m , 12H). 13C NMR (125 MHz, CDCl3, ppm): δ = 167.24, 
142.60, 137.63, 133.01, 132.26, 131.78, 129.76, 129.23, 127.50, 126.12, 118.35, 113.29, 
42.92, 36.90, 31.89, 31.57, 29.94, 29.69, 29.66, 29.64, 29.62, 29.54, 29.32, 39.31, 26.29, 
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22.65, 14.08. Maldi-Tof MS: calcd for C88H114N4O4 [M+], 1290.88, found: 1290.85; 
Elemental analysis: calcd for C88H114N4O4: C, 81.81; H, 8.89; N, 4.34; found: C 81.92, H 
8.91, N 4.31. 
 
3.4 Conclusion 
    In summary, 6,13-dibromopentacene bis(dicarboximide) 1 was successfully 
synthesized and used as a versatile building block to prepare a series of soluble and stable 
pentacene derivatives with tunable optical and electronic properties. Our method opens 
new opportunities to make useful pentacene or even higher order acene-based opto-
electronic materials with good stability. The compound 8b has extremely high 
photostability with half lifetime of nearly one month. It is the most photo stable 
pentacene derivative reported to date. The cyano-substituted pentacene imide 8a showed 
low lying LUMO energy level of -4.19 eV, suggesting that it could be a good candidate 
for n-type organic semiconductors. It was stable until the temperature reachs 380 oC 
according to Thermogravimetric Analysis (TGA). So far we are working on the FET 
mobility test for this molecule by solution processing technique. We also prepared cyano-
substituted pentacene diimide with short 2-ethyl hexyl flexible chains by similar method, 
which is supposed to make n-channel OFET by vacuum deposition techniques. Research 
work on further chemical funcaitonalizations on 6,13-dibromopentacene 
(bisdicarboximide) 1  will be continued. The studies on thermal behavior, supramolecular 
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Chapter 4:  A Stable Heptacene Derivative Substituted With 




    As oligoacenes such as pentacene have been proved to show excellent performance as 
p-type organic semiconductors with high hole FET mobility1. The hole mobility increases 
with length of acene from anthracene to pentacene1b. Therefore, the longer acenes with 
their predicted lower reorganization energy, potential higher charge carrier mobility and 
small band gap are very attractive in current organic electronics. While chemistry in short 
acenes (n ≤ 5) is well explored, our knowledge in longer acene (n > 5) is still limited due 
to the presence of challenges in synthesis. According to the Clar’s Sextet rule, as the 
length of acene increases, the stability significantly decreases, causing difficulties in 
synthesis. Furthermore, the intrinsic poor solubility would make those species even more 
intractable. Thus, of early synthesis for higher acenes, with no exception, all reports 
aroused controversies.2 Only recently Necker and coworkers demonstrated a successful 
photochemical route for the synthesis of unsubstituted hexacene (n = 6) and heptacene (n 
= 7) in a polymer matrix.3  
    Whereas acenes (n > 5) without any substituent are unstable under ambient condition 
and insoluble in a variety of organic solvents, chemical modification to introduce 
substituents has been developed so far to prepare their stable and soluble derivatives. 
Anthony and coworkers firstly reported the synthesis and characterization of silylethynyl 
derivatives of hexacene and heptacene in 2005.4 Later, Wudl and coworkers     reported a 
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further functionalized silylethynyl heptacene derivative with additional phenyl rings at 5, 
9, 14 and 18 positions.5 Miller and coworkers then demonstrated that thioaryl substituents 
can enhance photo-oxidative resistance and thus thioaryl derivatives of acenes (n = 7, 9) 
were successfully synthesized and fully characterized.6 It should be noticed that a 
strategy of “center-to-edge” was used both in Wudl’s and Miller’s work, i.e., the 
precursors were constructed by Diels-Alder reaction of a central dienophile (or diene) 
with two edge diene (or dienphile) components. Aside from reports by these three groups, 
no other derivatives of higher acene were reported elsewhere, despite that theoretical 
calculation predicted an array of interesting properties for higher acenes.7 
    In parallel to these works, we have been working on the alternative approaches to 
prepare soluble and stable higher acenes by using different synthetic methods and new 
solubilizing and stabilizing substituents. Based on previous studies on the higher acenes 
and also peri-fused oilgoacenes (e.g. bisanthene)8, we noticed that steric effect and 
electronic effect were important factors to determine the photo-oxidative stability and 
solubility of largely extended π-conjugation systems. 1) Steric effect: the bulky 
substitution, such as the triisopropylsilylethynyl groups, can prevent the oxidative 
addition of singlet oxygen to acene core.4,9 Meanwhile, the solubility can be also 
improved as a result of diminished intermolecular interactions. 2) Electronic effect: to 
form stable acene derivatives, HOMO level need to be reduced and thus electron-
withdrawing groups should be attached.10,11 Both trifluoromethylphenyl and the 
triisopropylsilylethynyl (TIPS) groups are electron-withdrawing groups and expected to 
enhance the stability of the electron-rich acene core. Herein, we demonstrate that a new 
heptacene derivative 1 bearing four trifluoromethyl phenyl groups at 5,9,14,18 posititons 
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and two TIPS groups at 7,16 positions (Scheme 4.1) was prepared by a new synthetic 
approach and it showed significant improvement in its stability against photo-oxidation 
under different irradiation conditions. 
4.2 Results and Discussions 
4.2.1 Synthesis 
    In our synthetic strategy shown in Scheme 4.1, a heptacene quinone 10 was first 
prepared by an “edge-to-center” approach. The synthesis began with 2-
carboxybenzaldehyde 2, which was refluxed in dry methanol to give 3-methoxyphthalide 
3 quantitatively without addition of any catalyst.12 Addition of two equivalents of 4-
trifluoromethylphenyl Grignard reagent at 0 oC to a solution of 3-methoxyphthalide 3 in 
THF, followed by acidic work-up, furnished isobenzofuran 4 in 56% yield.13  Diels-Alder 
reaction between isobenzofuran 4 and dimethyl maleate gave epoxide 5, which was 
subsequently treated with p-toluenesulfonic acid  (TsOH) in refluxing toluene to remove 
one molecule of water. The resulting dehydrated compound 6 was reduced by LiAlH4 to 
give the (1,4-bis(4-(trifluoromethyl)phenyl)-naphthalene-2,3-diyl)dimethanol 7. The 
Swern oxidation of diol 7 did not give the expected dialdehyde which was planned to be 
used for the preparation of the hepatacene quinone 10 by base-mediated condensation 
with 1,4-cyclohexanedione. Alternatively, only one alcohol was oxidized into aldehyde 
which then condensed with the neighbouring alcohol to give the compound 4,9-bis(4-
(trifluoromethyl)phenyl)-1,3-dihydronaphtho[2,3-c]furan-1-ol 8 in 55% yield. 
Fortunately, this type of compound (e.g. 8) was established as a convenient precursor for 
isonaphthofurans.14 So treatment of compound 8 with acetic acid produced 
isonaphthofuran intermediate, which was  then underwent a two fold Diels-Alder reaction 
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with benzoquinone to give the dual cycloaddition product 9 in 90% yield. The resulting 
compound 9 then treated with TsOH in refluxed toluene with a Dean-Stark apparatus to 
give the desired heptacene quinone 10 in 50% yield.  
    
Scheme 4.1. Synthetic route of heptacene derivative 1 
    Finally, nucleophilic addition of organometallic reagents to the heptacene quinone 10 
in toluene followed by reduction of the as-formed diol 11 afforded the desired product. 
For the formation of diol 11, use of TIPS lithium reagent prepared by lithiation of TIPSA 
with n-BuLi was not successful probably due to side reactions with the trifluoromethyl 
groups (-CF3). The synthesis of diol 11 required the use of TIPSA Grignard reagent 
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prepared by treatment of TIPSA with i-PrMgCl solution to minimize the formation of 
side products, as previously reported by Ong et. al.10b and Tykwinski et. al..11 
Interestingly, we found that low polar solvent was also required and only one TIPS group 
was introduced if using THF instead of toluene as solvent for the preparation of this diol 
11.  Diol 11 was then reduced using excess SnCl2·2H2O in toluene to obtain our target 
compound 1 as a yellow green solid.  Unlike the conditions typically reported for the 
tin(II)-mediated reduction of diethynylated pentacene diols, the reduction here was 
carried out in the absence of an acid, such as 10% HCl.11 To further improve solubility, 
we also attempted to replace TIPS groups with long alkynyl chain such as –CCC12H25. 
It was found that the reduction of the corresponding diol was not successful because 
steric hindrance imposed by the alkyl chain (–C12H25) was not sufficient to stabilize 
heptacene. 
    The heptacene derivative 1 was partially soluble in chloroform, tetrachloroethane and 
toluene. The solution of compound 1 is stable enough for further characterizations. As 
can be seen in Figure 4.1, the 1H NMR signals obtained for compound 1 in CDCl2CDCl2  
are sharp and can be assigned to the desired structure, indicating that this functionalized 
heptacene has a closed-shell electronic structure.4 In the Figure 4.2, the MALDI-TOF 
mass spectrum of compound 1 shows one molecular ion peak with m/z at 1314.482 with 
well resolved isotope distribution and there are no additional peaks with m/z plus 16 or 32, 












































































































































































Figure 4.1. 1H NMR (500 MHz) spectrum of compound 1 in CDCl2CDCl2 measured at 
100 oC under nitrogen atmosphere 
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Figure 4.2. The MALDI-TOF mass spectrum of compound 1. 
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4.2.2 Photo Physical Properties. 
        The UV-vis-NIR absorption spectrum for 1 (Figure 4.3 (a)) is consistent with a 
highly conjugated structure possessing a small HOMO-LUMO gap. Compound 1 shows 
intense absorption in 300-400 nm and weak absorption bands in the longer wavelength. 







































Wavelength (nm)  
Figure 4.3 (a) UV-vis-NIR absorption spectrum of 1 in toluene; (b) Florescence spectrum 
of heptacene derivative 1 in toluene (3.7×10-5 M). The excitation wavelength is at 353 nm. 
The longest wavelength absorption for 1 in toluene solution is centered at 870 nm. On the 
basis of the onset of this absorption, the optical HOMO-LUMO gap for 1 was determined 
to be 1.35 eV. Compound 1 in toluene also shows weak fluorescence with emission 
maximum at 553 nm when excited at 353 nm (Figure 4.3 (b)). 
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We then investigated photostability of compound 1 in toluene under different 
irradiation conditions. The photo-induced degradation was quantified by monitoring the 
decrease of vibronic absorption in the near-IR region (780-890 nm) as a function of 
elapsed photolysis time (Figure 4.4). The photostability was studied with both 
deoxygenated solution and solution exposed to ambient air atmosphere. Upon irradiation 
with white light (100 W), UV light (4 W) and ambient light, the deoxygenated solutions 
gradually decomposed with a decrease of the optical intensity at the NIR band and 
appearance of new absorption band in the shorter wavelength (ca. 306 and 500 nm) 
(Figure 4.4 (a)). In contrast to the unstable parent heptacene, compound 1 is still 
detectable after 66 hours in deoxygenated toluene under ambient light irradiation. The 
half-life time (t1/2) of around 1950, 200, and 100 minutes were estimated for ambient 
light, white light (100W) and UV lamp (4W), respectively, by plotting the absorption 
intensity at 870 nm with the irradiation time (Figure 4.4 (b)). When the solution of 1 in 
toluene was exposed to air and ambient light irradiation, its presence was detectable after 
47 hours. Compared with Wudl’s heptacene derivative which can survive 41 hours at the 
same condition,5  our molecule exhibited further improvement in its stability and this can 
be explained by the introduction of electron-withdrawing trifluoromethyl group onto the 
phenyl rings. Therefore, the compound 1 represents the most stable heptacene derivative 
reported to date. During irradiation, in all of cases, the color of compound 1 in solution 
changed from yellow green to light red and the FAB mass spectrum of the solution after 
irradiation revealed a small peak with m/z at 1314.5 [M+] along with two intense peaks at 
(M+ + 32) and (M+ + 16) corresponding to a 1O2 adduct of 1 and its fragment, 
respectively. This kind of color change and the appearance of UV absorption around 500 
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nm, in combination with mass spectrum, indicated that tetracene-containing species were 
presumably formed during photo-oxidative process.5 
(a)
(b)












































Figure 4.4 (a) change of UV-vis-NIR absorption spectra of deoxygenated solution of 1 
when exposed to UV light (4W) irradiation; (b) Change of the optical density at 870 nm 
of deoxygenated toluene solution of 1 (3.7 ×10-5 M) as a function of irradiation time at: 
ambient light, white light (100W), and UV light (4W). 
 
4.2.3 Electrochemical Property. 
    The electrochemical property of compound 1 was studied by cyclic voltammetry in 
chlorobenzene. As shown in Figure 4.5, two reversible reduction waves with half-wave 
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potentials at -1.33 V and -1.64 V (vs Fc+/Fc) and one reversible oxidation wave with half-
wave potential at 0.25 V were observed, indicating that the heptacene unit can be 
reversibly reduced into radical anion and dianion and oxidized into radical cation. The 
electron-withdrawing TIPS and the 4-trifluoromethylphenyl groups are believed to 
further stabilize the reduced species. A HOMO energy level of -4.93 eV and a LUMO 
energy level of -3.61 eV were estimated based on the onset potential of the first oxidation 
and the first reduction wave, respectively.15 An energy gap of 1.32 eV was then obtained 
which is in agreement with the optical band gap.   












Electrode Potential (V) vs Fc+/Fc  
Figure 4.5. cyclic voltammogram of 1 in hot chlorobenzene (70 oC) under nitrogen 
atmosphere with 0.1 M Bu4NPF6 as supporting electrolyte, AgCl/Ag as reference 
electrode, Au disk as working electrode, Pt wire as counter electrode, and scan rate at 50 
mV/s. Fc+/Fc was used as internal reference. 
4.3 Experiments  
4.3.1 General Methods 
    All reactions were carried out under an inert nitrogen atmosphere. Anhydrous 
tetrahydrofuran and toluene were distilled over sodium under a nitrogen atmosphere. All 
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NMR spectra were recorded on Bruker AMX500 at 500 MHz and Bruker ACF300 at 300 
MHz spectrometers. All chemical shifts are quoted in ppm, relative to tetramethylsilane, 
using the residual solvent peak as a reference standard. EI-MS was recorded on Finnigan 
TSQ 7000 triple stage quadrupole mass spectrometer. High resolution mass spectra were 
recorded on a Finnigan MAT95XL-T with FAB ionization source or recorded on 
Finnigan MAT 95 × P spectrometer. MALDI-TOF mass spectra were measured on a 
Bruker Autoflex MALDI-TOF instrument using 1,8,9-trihydroxyanthracene as a matrix. 
UV-vis absorption and fluorescence spectra were recorded on Shimadzu UV-1700 
spectrometer and RF-5301 fluorometer, respectively. Cyclic voltammetry was performed 
on a CHI 620C electrochemical analyzer with a three-electrode cell in a solution of 0.1M 
tetrabutylammonium hexafluorophosphate (Bu4NPF6) dissolved in dry chlorobenzene. 
The measurements for 1 mM compound 1 were conducted at 70 oC under nitrogen 
atmosphere at a scan rate of 50 mV s-1. A gold disk, a Pt wire and an Ag/AgCl electrode 
were used as the working electrode, counter electrode and reference electrode, 
respectively. The potential was calibrated against the ferrocene/ferrocenium couple. 
4.3.2 Synthesis  
3-Methoxyphthalide 312 
3-methoxyphthalide 3 was quantitatively prepared by heating o-formyl benzolic acid 2 
(40.00 g, 0.27 mol) (purchased from Aldrich company) under reflux in dry methanol (80 
ml) for 8 hours and followed by removal of solvent under vacuum. 1H NMR (300 MHz, 
CDCl3, ppm): δ = 7.80 (d, J = 7.2 Hz, 1H), 7.65 (t, J = 7.5 Hz, 1H), 7.53 (m, 2H), 6.25 (s, 
1H), 3.56 (s, 3H); 13C NMR (75 MHz, CDCl3, ppm): δ = 168.40, 144.49, 134.25, 130.66, 





To a solution of pseudoester 3 (15.60 g, 95 mmol) in anhydrous THF (80 ml) was added 
dropwise a THF solution of 4-trifluoromethylphenyl Grignard reagent (226 ml, 0.93 M) 
at 0 oC under nitrogen. The mixture was stirred overnight at room temperature. The beige 
suspension was hydrolyzed by adding dropwise a solution of concentrated HCl (30 ml) 
and water (60 ml) at 0 oC. Stirring was maintained under nitrogen for 1 hour. Then Et2O 
was added and the organic phase was separated. The aqueous phase was extracted with 
Et2O (3 × 100 ml). The combined organic phase was washed with brine (2 × 100 ml) and 
saturated NaHCO3 (100 ml). The organic phase was dried over Na2SO4 and concentrated 
under reduced pressure. The crude product was purified by column chromatography 
(DCM/Hexane = 1/8, Rf = 0.5) to give compound 4 (22 g) in 56% yield. 1H NMR (300 
MHz, DMSO-d6, ppm): δ = 8.26 (d, J = 8.2 Hz, 4H), 8.10 (m, 2H), 7.87 (d, J = 8.2 Hz, 




Compound 4 (20.00 g, 36 mmol) was dissolved in toluene (150 ml) and treated with 2 
equivalents of dimethyl maleate (10.40 g, 72 mmol). The reaction mixture was refluxed 
and the reaction was monitored by TLC. After 8 hours, the mixture was cooled to room 
temperature. The solvent was removed and the residue was purified by column 
chromatography (DCM/Hexane/EtOAc = 4:9:1, Rf = 0.5) to give 5 (27.4 g) in 90% yield. 
 95
1H NMR (500 MHz, CDCl3, ppm): δ = 7.89 (d, J = 8.2 Hz, 4H), 7.74 (d, J = 8.2 Hz, 4H), 
7.29-7.27 (m, 2H), 7.21-7.19 (m, 2H), 4.11 (s, 2H), 3.55 (s, 6H); 13C NMR (125 MHz, 
CDCl3, ppm): δ = 169.75, 144.66, 140.38, 130.77, 127.60, 127.37, 125.47, 125.44, 
121.85, 89.52, 54.55, 51.97. HRMS (EI): calcd for C28H20F6O5 (M+), 550.1215; found, 
550.1210 (error: -1 ppm).  
 
Dimethyl 1,4-bis(4-(trifluoromethyl)phenyl)naphthalene-2,3-dicarboxylate 6 
Epoxide 5 (25.00 g, 46 mmol) was treated with p-toluenesulfonic acid (2.50 g, 12 mmol) 
in refluxing toluene (250 ml) with a Dean-Stark apparatus for 24 hours. The mixture was 
cooled to room temperature and washed with water three times. The organic layer was 
dried by Na2SO4 and concentrated under reduced pressure. The crude product was 
purified by column chromatography (DCM/Hexane/EtOAc = 4:10:1, Rf = 0.5) to give 
compound 6 (16.9 g) in 70% yield. 1H NMR (500 MHz, DMSO-d6, ppm): δ = 7.93 (d, J = 
8.2 Hz, 4H), 7.68-7.66 (m, 2H), 7.63 (d, J = 8.2 Hz, 4H), 7.53-7.51 (m, 2H), 3.47 (s, 6H); 
13C NMR (125 MHz,DMSO-d6, ppm): δ = 167.70, 141.62, 138.25, 132.02, 131.14, 
129.47, 128.71, 127.28, 125.70, 125.67, 123.64, 52.84. HRMS (EI): calcd for C28H18F6O4 
(M+), 532.1109; found, 532.1104 (error: - 1 ppm) 
 
(1,4-Bis(4-(trifluoromethyl)phenyl)naphthalene-2,3-diyl)dimethanol 7 
To an oven dried flask was added LiAlH4 (2.48 g, 62 mmol) in THF (100 ml). Compound 
6 (15.00 g, 28.2 mmol) was dissolved in anhydrous THF (100 ml) and added dropwise to 
the LiAlH4 solution. The reaction was stirred for 12 hours at room temperature. The 
mixture was cooled to 0 oC, and quenched by addition of water (20 ml) and 10% HCl (20 
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ml) very slowly. Dichloromethane (200 ml) was added to the mixture and then the 
organic layer was separated and washed with water (2 × 100 ml). The organic layer was 
dried with Na2SO4 and organic solvent was evaporated to give crude product. The 
resulted crude product was purified by column chromatography (DCM/EtOAc = 5:1, Rf = 
0.5) to give compound 7 (12 g) in 90% yield. 1H NMR (300 MHz, DMSO-d6, ppm): δ = 
7.94 (d, J = 8.0 Hz, 4H), 7.65 (d, J = 7.9 Hz, 4H), 7.44 ~ 7.42 (m, 2H), 7.27 ~ 7.23 (m, 
2H), 5.02 (t, J = 4.8 Hz, 2H), 4.51 (d, J = 4.6 Hz, 4H); 13C NMR (125 MHz, CDCl3, ppm): 
δ = 142.60, 139.41, 134.68, 132.10, 130.79, 126.97, 126.73, 125.45, 125.42, 61.04. 
HRMS (EI): calcd for C26H18F6O2 (M+), 476.1211; found, 476.1194 (error: -3.5 ppm). 
   
4,9-Bis(4-(trifluoromethyl)phenyl)-1,3-dihydronaphtho[2,3-c]furan-1-ol 8 
Dry DMSO (1.4 ml) in dry DCM (5 ml) was added dropwise to a cold (-78 oC) solution 
of oxalyl chloride (1.28 g, 10 mmol) in DCM (16 ml). After 5 minutes, a solution of the 
diol 7 (2.80 g, 5.88 mmol) in a mixture of DCM (6 ml) and DMSO (6 ml) was added 
dropwise, the resulting white slurry was vigorously stirred for 1 hour. Triethylamine (10 
ml) was added and the reaction mixture was allowed to slowly warm to room temperature 
without removing dry ice and acetone bath. The reaction was quenched by ice-cold water 
(20 ml). The organic layer was separated and aqueous layer was extracted with DCM 
(200 ml). The combined layer was dried over Na2SO4. The organic layer was 
concentrated by vacuum evaporation to give crude product. The crude product was 
purified by column chromatography (EtOAc/Hexane = 1:4, Rf = 0.4) to give compound 8 
(1.5 g) in 55% yield. 1H NMR (500 MHz,CDCl3, ppm): δ = 7.82 ~ 7.79 (m, 4H), 7.73 ~ 
7.65 (m, 3H), 7.56 ~ 7.53 (m, 3H), 7.49 ~ 7.43 (m, 2H), 6.39 (d, J = 5.7 Hz, 1H), 5.29 (d, 
 97
J = 13.2 Hz, 1H), 4.89 (d, J = 13.2 Hz, 1H), 3.10 (d, J = 5.0 Hz, 1H); 13C NMR (125 MHz, 
CDCl3, ppm): δ = 141.52, 140.74, 135.84, 135.80, 133.87, 132.71, 132.45, 131.56, 
131.43, 129.95, 126.97, 126.44,  126.32, 125.93, 125.78, 125.75, 125.52, 125.37, 125.34, 
125.29, 100.42, 71.17. HRMS (EI): calcd for C26H16F6O2 (M+), 474.1054; found, 
474.1037(error: -3.7 ppm). 
 
5,9,14,18-Tetrakis(4-(trifluoromethyl)phenyl)heptacene-7,16-dione 10 
To a 250 ml flask was added compound 8 (1.50 g, 3.2 mmol) and benzoquione (172 mg, 
1.6 mmol) under nitrogen. Subsequently, glacial acetic acid (100 ml) was added and 
heated to 130 oC. After 8 hours, a light orange solid was precipitated from solution. This 
mixture was cooled to room temperature and filtered and washed with water and acetone 
to get crude product of compound 9 (2.90 g) in 90% yield. The crude product was a 
mixture of isomers and not purified but directly used for the next step. The compound 9 
(2.90 g, 2.8 mmol) and p-toluenesulfonic acid (0.29 g) was refluxed in toluene (100 ml) 
with a Dean-Stark trap for 12 hours. Then the black mixture was cooled to room 
temperature and filtered to give crude product. The crude product was washed with water 
and acetone to give compound 10 (1.40 g) in 50% yield. 1H NMR (500 MHz, CDCl3, 
ppm): δ= 8.75 (s, 4H), 7.92 (d, J = 8.2 Hz, 8H), 7.70 ~ 7.68 (m, 4H), 7.64 (d, J = 7.6 Hz, 
8H), 7.51 ~ 7.49 (m, 4H); 13C NMR (125 MHz, CDCl3, ppm): δ = 169.39, 141.19, 139.79, 
131.86, 131.56, 130.05, 129.93, 129.47, 127.73, 127.18, 125.85. HRMS (FAB): calcd for 






To a flame-dried 25 ml round bottle flask was added 2.4 ml of a 1.7 M solution of 
isopropyl magnesium chloride in THF. Toluene (10 ml) was then added to the flask. 
Triisopropylsilyl acetylene (370 mg, 2 mmol) was added via syringe. The mixture was 
stirred for 1 hour and then heated to 60 oC for 15 minutes. The flask was removed from 
heat and the solution was allowed to cool to room temperature. Then 50 mg (0.05 mmol) 
of the quinone 10 was added to the solution and the mixture was stirrred for 12 hours in 
the dark. The solvent was evaporated and the crude product was purified by column 
chromatography (Hexane/CHCl3 = 1:1, Rf = 0.2) to give 40 mg of compound 11 in 65% 
yield. 1H NMR (500 MHz,CDCl3, ppm): δ = 8.43 (s, 4H), 7.88 (d, J = 8.2 Hz, 4H), 7.85 
(d, J = 8.2 Hz, 4H), 7.64 (d, J = 7.6 Hz, 4H), 7.59 (d, J = 7.6 Hz, 4H), 7.50 ~ 7.48 (m, 4H), 
7.37 ~ 7.35 (m, 4H), 3.06 (s, 2H), 0.89 (d, J = 6.9 Hz, 36H), 0.82 ~ 0.77 (m,  6H); 13C 
NMR (125 MHz, CDCl3, ppm): δ = 142.50, 136.50, 135.85, 131.77, 130.43, 129.17, 
126.54, 125.98, 125.62, 125.50, 125.36, 124.76, 89.84, 83.26, 69.37, 18.50, 10.97. 
HRMS (FAB+): calcd for C80H72F12O2Si2 (M-OH), 1331.4852; found, 1331.4836 (error = 




To a solution of compound 11 (40 mg, 0.03 mmol) in dry toluene (5 mL), which had been 
deoxygenated by three freeze-pump-thaw cycles, SnCl2.2H2O (20 mg) was added. The 
solution was stirred at room temperature for 24 hours. To complete the reaction, the 
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mixture was heated to 110 oC and then slowly cooled to room temperature. Upon 
completion of the reaction as monitored by TLC, the precipitates were filtered. The solids 
were washed with water (30 mL) followed by ethanol and acetone (30 mL for each) to 
yield compound 1 as a light yellow green solid (32 mg, yield 80%). 1H NMR (500 MHz, 
CDCl2CDCl2, ppm, 100 oC, under nitrogen): δ = 9.19 (s, 4H), 7.93 (d, J = 7.6 Hz, 8H), 
7.75 (d, J = 8.2 Hz, 8H), 7.25 (d, J = 7.6 Hz, 4H), 7.18 (t, J = 7.6 Hz, 4H), 1.05 (d, J = 7.6 
Hz, 36H), 0.91 (m, 6H); MALDI-TOF MS: calcd for C80H70F12Si2: 1314.48, found: 
1314.48. HRMS (FAB+): calcd for C80H70F12Si2 (M + H, 28Si, 29Si), 1316.4898; found, 
1316.4928 (error = + 2.3 ppm). The collection of the 13C NMR spectrum was not 
successful due to the limit of the solubility of compound 1 and its poor stability at high 
temperature (even under nitrogen atmosphere). 
     
4.4 Conclusion 
    In conclusion, we have developed a new “edge-to-center” synthetic route to prepare a 
stable and soluble heptacene derivative 1. Attachment of electron- withdrawing groups 
such as 4-trifluoromethylphenyl groups and bulky TIPS groups further improved the 
photostability and solubility of the higher acenes. Compound 1 exhibited long 
wavelength absorption maximum at 870 nm and showed two revisable reduction waves 
and one reversible oxidation waves in cyclic votammetry curve. It has a small bandgap of 
1.32 ev. HOMO and LUMO energy levels are around -4.93 eV and -3.61 eV respectively. 
Photostability test showed that it survived 47 hours under ambient condition. This value 
is higher than that of other heptacene derivatives. Therefore, it represents the most stable 
heptacene derivative reported to date.  Our synthetic methodology may also open the 
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opportunities to prepare stable higher acenes with electron-deficient substituents in the 
future. By exploration of this synthetic route, making stable and solution processable 
longer acenes for device applications would be possible.  
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Chapter 5: Stable Nonacene Derivatives with Silylethynyl 
Substitutes 
5.1 Introduction 
    As discussed in the chapter 1, chapter 3 and chapter 4, the synthesis of longer acene is 
challenging. Acenes have fascinated chemists since last century.  However, the 
preparation of high order acenes challenged chemists painfully with its poor stability 
because of its highly reactive diene character and easy photo-oxidation property1. 
Discouraged by the frustrated synthesis of heptacene, Clar stated in the 1964 edition of 
his textbook that “the synthesis of octacene and nonacene could succeed seems remote”2. 
Only recently Necker’s group demonstrated a photochemical route for the synthesis of 
un-substituted high order acene up to heptacene in a polymer matrix and then Bettinger 
and his coworkers produced nonacene after following Necker’s procedure.3 Those recent 
studies indicated that the extended π systems up to nonacene are reasonable targets for 
conventional synthesis if we judiciously chose substituents which are introducted to 
acenes for chemcial stabilization. Described in this chapter is our synthesis and 
characterization of a series of persistent nonacene derivatives. 
 
5.2 Results and Discussion  
5.2.1 Synthesis 
    The syntheses of nonacene derivatives 1a-c are outlined in Scheme 5.1. All these 
nonacene derivatives 1a-c are derived from a nonacene quinone derivative 12, prepared 
by an “edge-to-center” approach. Our synthesis began with a Diels-Alder reaction 
between naphthalene-1,4-dione and 2,3-dimethylbuta-1,3-diene, generating cyclo-
 103
addition product 2,3-dimethyl-1,4,4a,9a-tetrahydroanthracene-9,10-dione 2 in 
quantitative yield. Oxidation of 2 with oxygen in the presence of potassium hydroxide 
produced 2,3-dimethylanthracene-9,10-dione 3 in 90% yield, which was later converted 
to 2,3-dimethylanthracene 5  by  using lithium aluminum hydride in about 72% yield for 
two steps. Bromination at meso-position of compound 5 with bromine at 0 oC produced 
9,10-dibromo-2,3-dimethylanthracene 6 in 95% yield and subsequent bromination with 
N-Bromosuccinimide at two methyl groups of compound 6 gave 9,10-dibromo-2,3-
bis(bromomethyl)anthracene 7 in 70% yield. Selective nucleophilic substitution of 
bromine atoms at methyl positions of  compound 7 with potassium acetate produced 
(9,10-dibromoanthracene-2,3-diyl)bis(methylene) diacetate 8 and the following 
hydrolysis of 8 generated (9,10-dibromoanthracene-2,3-diyl)dimethanol  9 in nearly 
quantitative yield. The remaining halogen atom at compound 9 was utilized for 
Songogashira coupling reaction with ethynyltriisopropylsilane, affording 9,10- 
substituted anthracene derivative 10 in 65% yield.  Swern oxidation of 10 produced 
desired dialdehyde 11. The key intermediate compound nonacene quione 12 was thus 
synthesized from four fold Aldol reaction of 11 with cyclohexane-1,4-dione in 80% yield. 
Finally, nucleophilic addition of organometallic reagents to the nonacene quinone 12 in 
refluxed THF followed by reduction of the as-formed diol 13a-c afforded the desired 
crude products 1a-c. The purification of these products was not successful due to their 
problems on solubility or stability. We will discuss them in the following part.  For the 
formation of diol 13a-c, an extremely excessive of Grignard reagent (100 equivalents) 
was required to forward the reaction in producing diols 13a-c otherwise only one ethynyl 


















































































a: R1 = R2 = TIPSA
c: R1 = TIPSA; R2 = TTMSA








Scheme 5.1 Synthetic route to nonacene derivatives 1a-c 
      Nonacene derivatives 1a and 1b are slightly soluble in toluene, while nonacene 
derivative 1c has good solubility in toluene, chloroform and even in hexance because of 
its bulky TTMS groups. The compounds 1a-c were characterized by MALDI-TOF mass 
spectroscopy. In the Figure 5.1, the MALDI-TOF mass spectrum of compound 1a 
showed one molecular ion peak with m/z at 1559.98 with well-resolved isotope 
distribution; the additional smaller signals at (M+ + 32) and (M+ + 16) are corresponded 
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to a 1O2 adduct of 1a and its fragment, respectively. Attempts to characterize 1b and 1c 
by MALDI-TOF mass spectroscopy were complicated by their relatively rapid 
degradation in solution, and in most case only 1O2 adduct and its fragment can only be 
observed. 













Figure 5.1 MALDI-TOF mass spectrum of compound 1a 
    Protron NMR spectroscopy was utilized to further characterize compounds 1a-c.  1H 
NMR spectrum of compound 1a in PhCl was measured in high temperature (100 oC) 
under nitrogen atmosphere due to its limited solubility (Figure 5.2). At room temperature, 
no signals from compound 1a were observed. After heating solution to 100 oC, 
characteristic signals of TIPS groups around 1.56 ppm were detected and the expected 
signals for the aromatic region were absent. The absence of those signals at low field for 
the aromatic region can be explained by the strong π-π interaction of the compound 1a or 







Figure 5.2 1H NMR spectrum of compound 1a in PhCl at 100 oC (up) and at 25 oC 
(down). 
     Attempt to characterize 1b by 1H NMR was frustrated because of its limited stability 
and solubility. Compound 1c demonstrated good solubility and its 1H NMR spectrum 
could be recorded in CDCl3 at 25 oC.  Although 1c was too reactive to obtain a 1H NMR 
spectrum of the pure compound, useful spectra could nonetheless be obtained by working 
quickly and always in the inert enviroment. For example, in order to get a relatively 
decent 1H NMR spectrum, the precursor compound 13c could be firstly dissolved in 
toluene and the reduction from 13c to 1c by SnCl2 was performed under inert 
environment. Then, toluene was removed under high vacuum without exposure to air.  
The crude product of 1c was dissolved in CDCl3 together with some inorganic salt SnCl2 
and transferred to NMR tube in the glove box. The NMR tube was sealed tightly to 
 107
maintain an inert atmosphere and the measument of 1c was performed immediately to 
minimize the opportunity of oxygen penetration. As shown in figure 5, 1H NMR signals 
for the four sets of aromatic protons in compound 1c were clearly identified at 9.12 ppm, 
8.63 ppm, 8.17 ppm and 7.52 ppm (Figure 5.3). In addition, formation of oxygen adducts 
of 1c in solution was later isolated and verified by 1H NMR. The protons on the carbon 
atoms bridged by two oxygen in the oxygen adduct of 1c appeared at 6.77 ppm. This 
formation of oxygen adducts was further confirmed by MALDI-TOF measurement, in 















































Figure 5.3 1H NMR spectrum of compound 1c in CDCl3 at 25 oC. 
5.2.2 Photophysical properties. 
The UV-vis-NIR absorption spectra of acenes usually show weak long-wavelength and 
intense short wavelength absorptions, known as p band and β band respectively. The 
characteristic transition such as p band, shifts to longer wavelengths with increasing 
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number of fused rings. Hence, the spectroscopic signature also provides a reliable way to 
identify nonacene derivatives. In our experiments, the in-situ generated crude compound 
1a-c from the reduction reaction of 13a-c was directly used for the UV-vis-NIR 
absorption measurement. The solvent toluene used during measurement was firstly 
deoxygenated by bubbling argon for 30 minutes. The solutions of freshly prepared 
compounds 1a-c in toluene are all in brown color and the UV-vis-NIR absorption spectra 
are shown in Figure 5.4. The UV-vis-NIR absorption spectra for 1a-c (Figure 5.4) are 
consistent with a highly conjugated structure possessing a small HOMO-LUMO gap. As 
shown in Figure 5.4, intense absorption bands at 300 ~ 400 nm can be assigned to β band 
and weak absorption bands at 800 ~ 1100 nm is p band which are typical in acene related 
compounds. The longest wavelength absorption bands for 1a-c in toluene solution are 
centered at 1017 nm to 1024 nm, further confirming the formation of nonacene backbone. 
This p band is also important for us to monitor the reaction progress. On the basis of the 
onset of their absorption, the optical HOMO-LUMO gaps for 1a-c were determined to be 
about 1.12 eV.  
























Figure 5.4 UV-vis-NIR absorption spectra of nonacene derivatives 1a-c 
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    The photostability of these nonacene derivatives in toluene was investigated under 
ambient light irradiation in air (Figure 5.5). For example, upon irradiation with ambient 
light, compound 1a-c gradually decomposed with a decrease of the optical intensity at the 
longest wavelength absorption band (see Figure 5.5). At ambient condition, the half-life 
times (t1/2) of around 540, 20 and 20 min were estimated for compounds 1a, 1b and 1c, 
respectively, by plotting the absorption intensity at the longest wavelength of absorption 
maximum with the irradiation time (Figure 5.5 (d)). Their photo persistent ability was 
different with the order 1a > 1b ≥ 1c. Worth noting is that compound 1a centered with a 
less bulky TIPS groups (the diameter is 7.5Å), is much more persistent than compound 1c 
centered with a bulky TTMS groups (the diameter is 11.4 Å). This trend in stability was 
contradictory with conventional experience that the extended π systems with more bulky 
substitutes have better stability.  The possible reason for our results is that TIPS groups 
help compound 1a pack in a good order which will prevent the penetration of the oxygen 
into the reactive site of compound 1a,5 although both TIPS and TTMS groups can 
decrease the HOMO energy level of nonacene similarly.  Further experimental or 
calculation studes are required to understand the detailed mechanism for this kinetic 
stabilization effect. 
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Figure 5.5 (a - c) Change of the UV-vis-NIR absorption spectra of 1a-c in toluene  with 
time when exposed to ambient light irradiation; (d) change of the optical density at the 
corresponding longest wavelength of absorption maximum of 1a-c as a function of 
irradiation time under ambient condition. 
 
5.3 Experiment section 
5.3.1. General methods 
    All reactions were carried out under an inert nitrogen or argon atmosphere. Anhydrous 
tetrahydrofuran and toluene were distilled over sodium under a nitrogen atmosphere. All 
NMR spectra were recorded on Bruker AMX500 at 500 MHz and Bruker ACF300 at 300 
MHz spectrometers. All chemical shifts are quoted in ppm, relative to tetramethylsilane, 
using the residual solvent peak as a reference standard. EI-MS was recorded on Finnigan 
TSQ 7000 triple stage quadrupole mass spectrometer. High resolution mass spectra were 
 111
recorded on a Finnigan MAT95XL-T with FAB ionization source or recorded on 
Finnigan MAT 95 × P spectrometer. UV-vis absorption spectra were recorded on 
Shimadzu UV-1700 spectrometer.  
 
5.3.2. Synthesis 
Compound 2:  
To a three necked round bottle flask with condenser was added 1,4-Naphthalenedione 
(6.6 g, 41.6mmol), 2,3-Dimethyl-1,3-butadiene (6.84 g, 83.2mmol) and toluene (100 mL). 
The mixture was stirred and refluxed under argon for 12 hours. The reaction was cooled 
to room temperature and the solvent was evaporated under vacuum to give product 
compound 2 (10.0 g) in nearly quantitative yield. 1H NMR (300 MHz, CDCl3, ppm): δ = 
8.05 ~ 8.02 (m, 2H), 7.74 ~ 7.72 (m, 2H), 3.37 ~ 3. 34 (m, 2H), 2.48 ~ 2.42 (m, 2H), 2.16 
~ 2.11 (m, 2H), 1.64 (s, 6H)  13C NMR ( 125MHz, CDCl3, ppm): δ = 198.35, 134.19, 126. 
82, 123.47, 47.35, 30.66, 18.86. HRMS (EI): calcd for C16H16O2 ( M+), 240.1150, found: 
240.1149 (error: -0.48 ppm). 
 
Compound 3: 
Compound 2 (4.6g, 19 mmol) was dissolved in ethanol (200 mL) in a round bottle flask. 
To this solution was added 4g of KOH. The mixture was stirred at room temperature for 
48 hours. The mixture was concentrated to 100mL and then 300mL of water was added. 
The precipitate was filtered and washed with 100ml water to give compound 3 (4.18 g) in 
90% yield. 1H NMR (500 MHz, CDCl3, ppm): δ = 8.30 ~ 8.27 (m, 2H), 8.05 (s, 2H), 7.78 
~ 7.76 (m, 2H), 2.44 (s, 6H). 13C NMR (125MHz, CDCl3, ppm): δ = 183.33, 144.06, 
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133.84, 133.68, 131.53, 128.18, 127.06, 20.22. HRMS (EI): calcd for C16H12O2 (M+ ), 
236.0837; found, 236.0834 (error = - 1.25 ppm). 
 
Compound 5: 
To a suspension of LiAlH4 (2.57g, 67.6 mmol) in dry THF 200 mL was added compound 
3 (4g, 16.9mmol) at room temperature and the reaction was stirred for 8 hours. Then the 
reaction was quenched with 2M HCl at room temperature. The mixture was extracted 
with CHCl3 (500 mL x 3) and the resulting organic layer was dried with Na2SO4. The 
organic solvent was evaporated to give crude product compound 4 (3.19 g) in about 85% 
yield. The compound 4 was also reduced by LiAlH4 with same procedure to give 
compound 5 (2.5 g) in 85% yield. 1H NMR (500 MHz, CDCl3, ppm): δ = 8.29 (s, 2H), 
7.98 ~ 7.95 (m, 2H), 7.75 (s, 2H), 7.43 ~ 7.40 (m, 2H), 2.48 (s, 6H). 13C NMR ( 125MHz, 
CDCl3, ppm): δ = 135.56, 131.37, 131.16, 128.08, 126.94, 124.79, 20.42. HRMS (EI): 
calcd for C16H14 (M+ ), 206.1096; found, 206.1089 (error = - 3.07 ppm). 
 
Compound 6 
Compound 5 (2.5g, 12 mmol) was dissolved in 100 mL CCl4 and cooled to 0 oC. Bromine 
(4.1 g, 25.2 mmol) in CCl4 (50 mL) was added dropwisely in the dark to the solution. The 
mixture was maintained at 0 oC for 5 hours and then warmed to room temperature. 
Solvent was removed under vacuum to give compound 6 (4.2 g) in 95% yield. 1H NMR 
(300 MHz, CDCl3, ppm): δ = 8.55 ~ 8.51 (m, 2H), 8.28 (s, 2H), 7.59 ~ 7.55 (m, 2H), 2.53 
(s, 6H). 13C NMR ( 125MHz, CDCl3, ppm): δ = 138.13, 130.57, 130.25, 128.11, 127.07, 
126.87, 121.98, 20.42. HRMS (EI): calcd for C16H1281Br2 (M+ ), 365.9265; found, 
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365.9264 (error = - 0.2 ppm).  
 
Compound 7 
Compound 6 (4.0g, 11 mmol), N-bromosuccinimide (4.1 g, 23.1 mmol), and benzoyl 
peroxide (100 mg) were placed in a 500 mL flask with 250 mL CCl4. The stirring reaction 
mixture was refluxed in the dark for 8 hours under argon. The progress of the reaction 
was monitored by NMR. In the case of that bromination was not completed, more N-
bromosuccinimide and benzoyl peroxide was added according to the remaining starting 
material. After the mixture had cooled to room temperature, solvent was removed under 
vacuum to give product of compound 7 (4.0 g) in 70%yield. 1H NMR (500MHz, CDCl3, 
ppm): δ = 8.61 (s, 2H), 8.58 ~ 8.55 (m, 2H), 7.67 ~ 7.65 (m, 2H), 4.98 (s, 4H). 13C NMR 
(125MHz, CDCl3, ppm): δ = 135.44, 131.66, 131.23, 130.37, 128.34, 128.15 123.54, 
30.60. HRMS (EI): calcd for C16H1079Br4 (M+), 517.7516; found, 517.7515 (error = - 0.25 
ppm). 
 
Compound 8  
A mixture of compound 7 (4.0 g, 7.7mmol), potassium acetate (9g, 92mmol) and 
tetrabutylamonium bromide (6g, 18.6 mmol) was dissolved in DMF (150 mL) and heated 
to 80 oC. The reaction was stirred for 8 hours and cooled to room temperature. The 
cooled mixture was poured into 500 mL water and the precipitate was filtered and 
washed with water to give compound 8 (3.6 g) in 97% yield. 1H NMR (300MHz, CDCl3, 
ppm): δ = 8.61 (s, 2H), 8.61 ~ 8.57 (m, 2H), 7.69 ~ 7.65 (m, 2H), 5.43 (s, 4H), 2.18 (s, 
6H). 13C NMR ( 125MHz, CDCl3, ppm): δ = 170. 57, 133.55, 131.42, 130.18, 129.35, 
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128.29, 127.84 123.42, 64.03, 20.98. HRMS (EI): calcd for C20H1679Br2O4 (M+), 
477.9415; found, 477.9435 (error = 4.21 ppm). 
 
Compound 9 
To a round bottle flask was added compound 8 (3 g), ethanol (100 mL) and 10% (weight) 
of aqueous NaOH (100 mL). The mixture was stirred at room temperature for 8 hours and 
poured into water (200 mL). The resulting precipitate was filtered and washed with water 
to give product compound 9 (2.4 g) in 95% yield. 1H NMR (500MHz, DMSO, ppm): δ = 
8.58 (s, 2H), 8.51 ~ 8.54 (m, 2H), 7.77 ~ 7.80 (m, 2H), 4.78 (s, 4H). 13C NMR (125MHz, 
DMSO, ppm): δ = 141.09, 130.02, 129.62, 127.91, 127.58, 123.80, 122.08, 60.00. HRMS 
(EI): calcd for C16H1279Br2O2 (M+), 393.9204; found, 393.9186 (error = -4.63 ppm). 
 
Compound 10 
To a dry bottle was added compound 9 (2.4 g, 6.1 mmol), triisopropylsilyl acetylene (5.6 
mg, 30.5 mmol), triphenylphosphine (500 mg. 2.0mmol) and copper(I) iodide (250 mg, 
1.3 mmol). 200 mL of THF and 200 mL of (Et)3N were added to this mixture. The 
resulting solution was deoxygenated by freeze-thow-pump once and then 
bis(triphenylphosphine)palladium (II) dichloride (500 mg, 2.0 mmol) was added under 
argon. The mixture was deoxygenated by freeze-thow-pump for two more times and then 
warmed to room temperature. The reaction was stirred at room temperature in the dark 
for 24 hours. The solvent was removed under vacuum. The crude product was purified by 
column using elute (Hex/EA = 8:1; Rf = 0.5) to give compound 10 (2.4 g) in 65% yield. 
1H NMR (300MHz, CDCl3, ppm): δ = 8.63 (s, 2H), 8.63 ~ 8.59 (m, 2H), 7.63 ~ 7.59 (m, 
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2H), 4.98 (d, J = 4.92 Hz, 4H), 2.97 (t, J = 5.5 Hz, 2H), 1.28 ~ 1.26 (m, 42H). 13C NMR 
(125MHz, CDCl3, ppm): δ = 137.91, 132.64, 132.05, 128.07, 127.24, 127.05, 118.69, 
105.21, 103.07, 64.97, 18.88, 11.50. HRMS (EI): calcd for C38H5428Si2O2 (M+), 598.3662; 
found, 598.3653 (error = -1.52 ppm). 
 
Compound 11 
Dry DMSO (1.4 ml) in dry DCM (5 ml) was added dropwise to a cold (-78 oC) solution 
of oxalyl chloride (1.28 g, 10 mmol) in DCM (16 ml). After 5 minutes, a solution of the 
diol 10 (1.8 g, 3 mmol) in a mixture of DCM (6 ml) and DMSO (6 ml) was added 
dropwise, the resulting white slurry was vigorously stirred for 1 hour. Triethylamine (10 
ml) was added and the reaction mixture was allowed to slowly warm to room temperature 
without removing dry ice and acetone bath. The reaction was quenched by ice-cold water 
(20 ml). The organic layer was separated and aqueous layer was extracted with DCM 
(200 ml). The combined layer was dried over Na2SO4. The organic layer was 
concentrated by vacuum evaporation to give crude product. The crude product was 
purified by column chromatography (EtOAc/Hexane = 1:8, Rf = 0.6) to give compound 
11 (1.5 g) in 82% yield. 1H NMR (300MHz, CDCl3, ppm): δ = 10.67 (s, 2H), 9.27 (s, 2H), 
8.70 ~ 8.66 (m, 2H), 7.78 ~ 7.73 (m, 2H), 1.30 ~ 1.26 (m, 42H). 13C NMR ( 75MHz, 
CDCl3, ppm): δ = 192.17, 135.30, 134.09, 132.89, 132.20, 128.87, 127.69, 121.64, 
108.07, 101.78, 18.85, 11.44. HRMS (EI): calcd for C38H5028Si2O2 (M+), 594.3349; found, 




Compound 11 (1.5 g, 2.5 mmol) and cyclohexane-1,4-dione (140 mg, 1.25mmol) were 
dissolved in ethanol (200 mL)and deoxygenated by bubbling argon for 15 minutes. The 
mixture was heated to 55oC and then 1 M aqueous KOH (2 mL) was added to this 
mixture. The reaction was continued for 1 hour and cooled to room temperature. The 
crude product was precipitated from the solutions and was filtered, following by washing 
with ethanol, water and acetone to give product compound 12 (1.2 g) in 80% yield. 
Compound 12 has very poor solubility in many organic solvent, so it was used directly 
for next step without NMR characterization. Maldi-Tof MS: calcd for C82H100O2Si4 [M+]: 
1230.0, found: 1230.0. 
 
Compound 13a 
To a dried 25 ml round bottle flask was added 2.7 ml of a 2 M solution of isopropyl 
magnesium chloride in THF. THF (1 ml) was then added to the flask. Triisopropylsilyl 
acetylene (1.0 g, 5.5 mmol) was added via syringe. The mixture was stirred for 1 hour 
and then heated to 60 oC for 15 minutes. The flask was removed from heat and the 
solution was allowed to cool to room temperature. Then 30 mg (0.024 mmol) of the 
quinone 12 was added to the solution.  The reaction was sealed and the mixture was 
stirred for 1 hour in the dark at 65 oC. The mixture was cooled to room temperature and 
quenched by addition of water (10 mL), following by extraction with CHCl3 (20 mL x 3) 
and drying with Na2SO4. Then, the organic solvent was evaporated under vacuum and re-
dissolved in chloroform. The resulting solution was precipitated in methanol to give 
compound 13a (38 mg) in nearly quantitative yield. 1H NMR (500MHz, CDCl3, ppm): δ 
= 9.38 (s, 4H), 8.88 (s, 4H), 8.69 ~ 8.66 (m, 4H), 7.58 ~ 7.55 (m, 4H), 3.57 (s, 2H), 1.14 
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~ 1.08 (m, 126H). 13C NMR ( 125MHz, CDCl3, ppm): δ = 136.34, 133.07, 131.71, 
130.77, 127.48, 126.89, 126.87, 126.73, 118.81, 109.22, 106.23, 103.82, 94.73, 90.15, 
86.23, 81.59, 69.99, 29.70, 18.99, 18.97, 18.70, 18.44, 11.64, 11.32, 11.02. Maldi-Tof 
MS: calcd for C104H144O2Si6 [M+]: 1594.8, found: 1577.8 [M+-OH]. 
 
Compound 13b 
To a dried 25 ml round bottle flask was added 2.7 ml of a 2 M solution of isopropyl 
magnesium chloride in THF. THF (1 ml) was then added to the flask. 
Ethynyltriisobutylsilane (1.23 g, 5.5 mmol) was added via syringe. The mixture was 
stirred for 1 hour and then heated to 60 oC for 15 minutes. The flask was removed from 
heat and the solution was allowed to cool to room temperature. Then 30 mg (0.024 mmol) 
of the quinone 12 was added to the solution.  The reaction was sealed and the mixture 
was stirred for 1 hour in the dark at 65 oC. The mixture was cooled to room temperature 
and quenched by addition of water (10 mL), following by extraction with CHCl3 (20 mL 
x 3) and drying with Na2SO4. Then, the organic solvent was evaporated under vacuum 
and re-dissolved in chloroform. The resulting solution was precipitated in methanol to 
give compound 13b (20 mg) in 50% yield. 1H NMR (300MHz, CDCl3, ppm): δ = 9.37 (s, 
4H), 8.84 (s, 4H), 8.70 ~ 8.66 (m, 4H), 7.57 ~ 7.52 (m, 4H), 3.51 (s, 2H), 1.35 ~ 1.32 (m, 
84H), 0.15 (s, 54H). Maldi-Tof MS: calcd for C110H156O2Si6 [M+]: 1678.9, found: 1661.8 
[M+-OH]. Only small amount of 13b was prepared, and it was used directly for the next 




To a dried 25 ml round bottle flask was added 2.7 ml of a 2 M solution of isopropyl 
magnesium chloride in THF. THF (1 ml) was then added to the flask. 
Tris(trimethylsilyl)silyl acetylene (1.5 g, 5.5 mmol) was added via syringe. The mixture 
was stirred for 1 hour and then heated to 60 oC for 15 minutes. The flask was removed 
from heat and the solution was allowed to cool to room temperature. Then 30 mg (0.024 
mmol) of the quinone 12 was added to the solution.  The reaction was sealed and the 
mixture was stirred for 8 hours at room temperature and 1hour in the dark at 65 oC. The 
mixture was cooled to room temperature and quenched by addition of water (10 mL), 
following by extraction with CHCl3 (20 mL x 3) and drying with Na2SO4. Then, the 
organic solvent was evaporated under vacuum and re-dissolved in chloroform. The 
resulting solution was precipitated in methanol to give crude product. The crude product 
was purified by flash column (Hexane/CHCl3 = 2: 1; Rf = 0.8) to give compound 13c (20 
mg) in 50% yield. (Note: Compound 13c slowly decomposed in the column; generally we 
finished the column in 15 minutes to remove the excess Grinard reagent.) Maldi-Tof MS: 
calcd for C104H156O2Si12 [M+]: 1775.4, found: 1758.4 [M+-OH]. The obtained product 
was used directly for next step without further characterization. 
 
Compound 1a 
To a solution of compound 13a (30 mg, 0.019 mmol) in dry toluene (5 mL), which had 
been deoxygenated by three freeze-pump-thaw cycles, SnCl2.2H2O (100 mg) was added. 
The solution was stirred at room temperature for 24 hours in the dark. Upon completion 
of the reaction as monitored by UV spectrum, the precipitates were filtered. The solids 
were washed with water (30 mL) followed by ethanol and acetone (30 mL for each) to 
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yield compound 1a as brown solid (24 mg) in 80% yield. Compound 1a has very poor 
solubility in many organic solvents. Therefore, its 1H NMR and 13C NMR are not 
available. Maldi-Tof MS: calcd for C104H142Si6 [M+]: 1560.4, found: 1559.9 [M+]. 
 
Compound 1b 
To a solution of compound 13b (30 mg, 0.018 mmol) in Hexane (10 mL), which had 
been deoxygenated by three freeze-pump-thaw cycles, SnCl2.2H2O (100 mg) was added. 
The solution was stirred at room temperature for 24 hours in the dark. Upon completion 
of the reaction as monitored by UV spectrum, the solvent was removed under vacuum to 
give a mixture of compound 1b with SnCl2.2H2O. Compound 1b has very poor solubility 
in many organic solvents. Therefore, its 1H NMR and 13C NMR are not available.  Maldi-
Tof MS: calcd for C110H154Si6 [M+]: 1644.9, found: 1644.8 [M+]. Oxidation happened 
during MS /measurement. 
 
Compound 1c 
To a solution of compound 13c (10 mg, 0.006 mmol) in Hexane (10 mL), which had been 
deoxygenated by three freeze-pump-thaw cycles, SnCl2.2H2O (100 mg) was added. The 
solution was stirred at room temperature for 24 hours in the dark. Upon completion of the 
reaction as monitored by UV spectrum, the solvent was removed under vacuum to give a 
mixture of compound 1c with SnCl2.2H2O. The mixture was used for 1H NMR 
characterization. 1H NMR (500MHz, CDCl3, ppm): δ = 9.12 (s, 4H), 8.70 ~ 8.60 (m, 4H), 
8.17 (s, 4H), 7.45 ~ 7.55 (m, 4H), the signal in high filed was not clarified. Maldi-Tof MS: 




5.4 Summary and Outlook 
    Longer acenes such as nonacene are inherently interesting species. In this chapter, we 
explored the strategy of using silylethynyl substitutes to stabilize acene as long as 
nonacene. We demonstrated that nonacene is reasonable target for conventional synthesis 
if judicious substituents are included. Thus, a series of nonacene derivatives 1a, 1b and 
1c were prepared and the stability of those compounds was tested by monitoring the 
decrease of absorption intensity in the near-IR region (800-1100 nm) as a function of 
elapsed photolysis time. Compound 1a represents the most persistent nonacene derivative 
up so far. Its presence was detectable for 14 hours under ambient condition when exposed 
to air, while the life times of the other nonacene derivatives prepared by Miller were 
limited to 2 hours4. However, the limited solubility hampers our further investigation and 
future application in organic electronics. Our next step is to design and synthesize stable 
and soluble nonacenes and longer acenes by suitable chemical modifications based on our 
strategies developed so far. The novel materials based on these molecules could be 
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